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 A study on the parameters affecting the sorption of water, chloride ingress, 
permeability of water and carbonation into lightweight aggregate concrete, normal weight 
concrete and recycled aggregate concrete was carried out. The parameters being studied 
are effect of water-cement ratio, aggregate type, initial moisture content of lightweight 
aggregate, size of lightweight aggregate, density of lightweight aggregate, volume of 
lightweight aggregate, varying temperatures of (1°C to 40°C), high pressure of 30MPa 
and the mineral admixture silica fume. Experimental programme series were designed to 
look into the effects of these parameters on the penetration of water and free chloride ions 
into lightweight aggregate concrete by water sorption under capillary action in 
unsaturated concrete, chloride diffusion under a constant concentration gradient, water 
permeability under a constant pressure gradient and carbonation. From this research, it 
was found that variations in water-cement ratio, size of lightweight aggregate, density of 
lightweight aggregate and volume of lightweight aggregate has reasonable effects on 
penetrability properties of lightweight aggregate concrete. The effect of initial moisture 
content in lightweight aggregate on properties of lightweight aggregate concrete was not 
obvious from this research. When comparing trends for normal weight granite concrete 
and lightweight aggregate concrete (atmospheric pressure versus 30MPa pressure), 
pressure did not have any significant effect on chloride ingress. The mineral admixture 
silica fume at (10% replacement level to cement content), showed negligible effect in 
reducing water sorptivity and chloride ingress and effect of temperature is more 
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significant at higher temperatures (> 30°C) as compared to lower temperatures (<20°C) 
for chloride ingress into lightweight aggregate and normal weight concrete. 
 
For recycled aggregate concrete, results show that increasing concrete strength for 
higher grades G60 and G80 for replacement percentage of 20%, will decrease the 
chloride diffusion depth.  Trends of water absorption coincide with that of chloride 
diffusion. However, results show that using a lower grade of concrete with a higher 
replacement levels will increase the water absorption significantly. There is a resistance 
to carbonation for higher strength recycled aggregate concrete. Carbonation depth was 
reduced for the higher grades of concrete i.e: G60 and G80. Using lower grade concrete 
with higher replacement percentage of 50% and 100% will increase the carbonation 
penetration depth from 5.3-6.0%. 
 
Keywords: Temperature; Pressure;  Lightweight aggregate density; Lightweight 
aggregate size; Water-cement ratio;  Chloride; Water permeability;  Water Sorption;  
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1.1 General Introduction 
Floating concrete structures are prevalent in the marine industry. For such structures to be 
able to float, mostly lightweight aggregates would be used in its mix design. The range of 
applications of floating concrete structures is fairly large. It may include: oil exploration 
and drilling platforms, oil production platforms, LPG terminals, barges, ships and yachts, 
floating docks, floating gates for dry docks, floating airports, floating power stations, 
ocean thermal energy convertor (OTEC) plants, rotating mooring structures, floating 
hotels, floating shopping centres, floating industrial plants, floating jetties, floating 
bridges, floating bridges piers, semi-submersible tunnels, floating lighthouses, floating 
breakwaters, floating bridge girders, semi-submersible towns etc as reviewed by VSL 
(1992). The use of lightweight aggregate concrete for some marine structures include: the 
USS Selma, the ship Atlantus; a floating dock in Genoa Habour and an underwater oil 
storage tank in 150m of water in the North Sea off the west coast of Scotland were stated 
by Clark (1993).  
 
According to Sea Temperature (2011), seawater temperature varies from 9.8 ºC for 
countries in North America and Greenland, to 28.9 ºC for the Middle East. Subsea 
temperatures can go to as low as 4 ºC and have subsea pressures of up to 4MPa. Though 
LWAC has been used for a couple of decades all over the world, the factors that 
influence the penetrability of LWAC, as well as the penetrability of LWAC under 
pressure and varying temperatures for subsea conditions have not been well-established.  
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The durability of concrete for subsea structures is affected by some important factors: 
water penetration, ingress of chloride ions into concrete, temperature of the seawater and 
hydrostatic pressure due to the seawater. If water or chloride ions were to enter concrete 
structures, corrosion of reinforcing steel bars, severe cracking and spalling of concrete 
may occur. This would then compromise the load-bearing capacity of the marine 
structures. Factors like chloride and water ingress into concrete can be further studied to 
show that these factors are not detrimental when lightweight aggregate concrete is placed 
in the marine environment for long periods of time. The effect of temperature and 
pressure are important too as in the subsea environment, the underwater pressure exerted 
on the concrete can be very high. So far Indian scientists Krishnamurthy and Kowadkar 
(1981) have researched on the effect of pressures corresponding to submergence depths 
up to 210m. Bijen and van der Wegen (1994) reported that concrete submerged in water 
swells. The expansion is larger in seawater than in fresh water. Under high pressure the 
swelling is larger and faster than under atmospheric pressure. Their tests were conducted 
under exposure conditions of 10MPa and temperatures of 5 ºC, 20 ºC and 40 ºC.  Also 
seawater temperatures can vary from arctic water condition, to temperate conditions and 
hot tropical middle-eastern seawater conditions. Haque and Al-Khaiat (1999) reported 
that the water penetrability of total LWC was found to be higher than the NWC on 
exposure to hot marine environment. Research results show that the higher the water 
penetrability of a given concrete, the higher is the penetration of damaging agents like 
carbon dioxide, sulphate and chloride ions into concrete. Furthermore, the depth of water 
penetrability of a concrete can be used as in indicator of its durability (Haque and Al-
Khaiat, 1999, Al-Khaiat and Haque, 1999, Haque, et al, 2004) So far research data have 
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been inconclusive as to what would be the chloride ingress into normal weight and 
lightweight aggregate concrete under high pressure and also different seawater 
temperatures. Also there is so far insufficient research data on temperature as a factor 
influencing penetrability of concrete for three different types of concretes: normal weight 
granite concrete (NWC), lightweight aggregate concrete (LWAC) and recycled 
aggregates concrete (RAC). Therefore in this study to contribute more data with 
relevance to subsea structures, tests were conducted at 0.1MPa which is atmospheric 
pressure, 30MPa which is considered the upper boundary of pressure and temperatures of 
1, 6, 12, 30, 40ºC. As water freezes at 0ºC, 1ºC is taken to be the lower temperature 
boundary and 40 ºC the upper temperature boundary in this study. 
 
For LWAC concrete to be more extensively used in marine and offshore applications 
there is a need for a better understanding of the penetrability of LWAC to water and free 
chloride ions. While much research has been carried out on the penetrability of normal-
weight concrete (NWC), findings on the penetrability of LWAC has been scarce. One 
reason could be that the performance of LWAC may be reasonably affected by the 
characteristics of the lightweight aggregate (LWA) used, such as the type of LWA, 
density of LWA, and preparation of LWA before casting. Such factors are generally not 
considered in NWC. There are studies which suggest that LWAC has lower permeability 
than NWC despite the more porous aggregates (Lydon, 1980, Holm et al, 1984, Zhang 
and Gjørv, 1991, Chia and Zhang, 2002). However, the resistance of the LWAC to the 
chloride penetration and its chloride diffusion coefficient were similar to that of NWC 
with equal water to cement (w/c) ratio (Chia and Zhang, 2002, Sugiyama et al, 1996, 
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Chia, 2001). Gjørv et al (1994) examined the diffusivity of chlorides from seawater into 
high-strength LWAC and found that the maximum LWA size had minor effects on 
chloride diffusivity, while increasing the LWA density from 1.07 to 1.44 g/cm
3
 reduced 
the diffusivity by a factor of about 2. 
 
The use of recycled aggregates is now on the rise in Singapore. This is because the 
average amount of construction and demolition (C&D) waste available for reuse is 
estimated to be 2 million tons per year (BCA Sustainable Construction Series – 4, 2008). 
The landfills used for disposal of C&D waste are being filled up rapidly due to limited 
land area in Singapore. Therefore, it is necessary to find ways to solve this problem. 
There will be less disposal problems if part of the C&D waste is recycled. The lack of 
natural aggregates (NA) available in Singapore has also posed a need to source for 
alternative materials to use in construction. Hence, using recycled concrete aggregate 
(RCA) can save material cost since less natural aggregates will be needed for new 
construction works. The Building and Construction Authority (BCA) have been working 
closely with industry partners to promote wider adoption of sustainable materials in our 
built environment. Therefore a study is also made in this research to compare the 
penetrability of lightweight aggregate concrete and recycled aggregate concrete. The tests 
to be carried out are for water sorptivity, chloride ingress and carbonation. These data 
would be relevant to Singapore‟s green construction industry and the data for chloride 
ingress would be useful to the marine industry. With the introduction of performance-
based standards like SS EN 12620: Specification for Aggregates for Concrete, recycled 
and manufactured aggregates can be adopted for a range of structural and non-structural 
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applications (BCA Sustainable Construction Series – 4, 2008). BCA urges all 
stakeholders in the industry to make a concerted effort to adopt the use of recycled 
materials in their building projects. It is also believed that with the greater use of recycled 
materials, the industry will reach another significant milestone in contributing to a 
sustainable built environment (BCA, 2008). 
 
The adhering mortar on recycled granite is a weakness that is of concern when addressing 
the penetrability of concrete. The use of recycled aggregates in structural applications is 
limited due to the presence of adhering cementitious mortar on the individual recycled 
aggregate particles. The adhering mortar has been reported to result in higher porosity, 
higher water absorption, lower modulus of elasticity and weaker interfacial zone (ITZ) 
between the newly cast cementitious mortar and the recycled aggregates, Ong (2008). 
Therefore to encourage the use of recycled aggregate concrete in the construction 
industry, it is of importance that we know how is the durability performance of recycled 
aggregate concrete at different strength level and different replacement level. To test for 
such durability issues, this study would test for water, chloride and carbonation ingress as 
they are the more common durability problems. 
 
This research makes a holistic study on the parameters affecting the penetrability of 
normal weight granite concrete (NWC), lightweight aggregate concrete (LWAC) and 
recycled aggregates concrete (RAC), where penetrability of concrete is attributed 
primarily to permeability, diffusion, and sorption of fluids in concrete. LWA properties 
that may potentially impact the overall concrete penetrability are taken into consideration. 
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1.2 Objectives 
To study the factors influencing penetrability of concrete for three different types of 
concretes: normal weight granite concrete (NWC), lightweight aggregate concrete 
(LWAC) and recycled aggregates concrete (RAC). The penetrability of concrete would 
encompass water sorption under capillary action in unsaturated concrete, chloride 
diffusion under a constant concentration gradient, water permeability under a pressure 
gradient and carbonation. Below is a list of factors to be studied: 
 
1. Factors influencing water sorptivity at different temperatures (1, 6, 12, 30, 40ºC).  
a) Types of concrete 
b) Types of lightweight aggregate 
c) Mineral admixture (silica fume) 
d) Grade for recycled aggregate concrete 
2. Factors influencing chloride ingress at different temperatures (1, 6, 12, 30, 40ºC).  
e) Types of concrete 
f) Types of lightweight aggregate 
g) Mineral admixture (silica fume) 
h) Grade for recycled aggregate concrete 
3. Factors influencing chloride ingress due to pressure at room temperature (30ºC).  
i) Types of concrete 
j) Mineral admixture (silica fume) 
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4. Factors influencing permeability at room temperature (30ºC).  
k) Types of aggregate 
5. Factors influencing carbonation of recycled aggregate concrete (RAC) at room 
temperature (30ºC). 
l) Strength of concrete  
 
1.3 Scope of work 
a) To study the effect of temperature on water sorptivity and chloride ingress for lightweight 
aggregate concrete, normal weight and recycled aggregate concrete. 
b) To investigate the penetrability of LWAC to water and chloride in relation to physical 
and geometrical properties of lightweight aggregate and different types of concrete. 
c) To investigate the effect of chloride ingress and water sorptivity on recycled 
aggregate concrete of varying strength grade (30MPa, 40MPa, 50MPa, 60MPa 
and 80MPa) at varying temperatures of  (1, 6, 12, 30, 40ºC).  
d) To study the effect of high pressure (30MPa) on lightweight aggregate concrete 
and normal weight concrete at room temperature with and without mineral 
admixtures 
e) To investigate the carbonation effect of recycled aggregate concrete of varying 
strength grade (30MPa, 40MPa, 50MPa, 60MPa and 80MPa). 
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Figure 1.1: Scope of research  
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1.4 Thesis Organization  
 
Chapter 1 introduces lightweight aggregate concrete and recycled aggregate concrete and 
their resistance to water, chloride and carbonation ingress. Also the need for research for 
high pressure and varying sea water temperature with regards to subsea structures is 
discussed.  Research objectives and scope are shown at the end of this chapter.  
 
Chapter 2 provides a review of the mechanisms of transport of water and chloride into 
concrete. Methods for testing lightweight aggregate concrete resistance to water and 
chloride penetration are reviewed. The effect of pressure and temperature on concrete is 
also assessed. The use of mineral admixture silica fume and recycled aggregates are also 
evaluated. 
 
Chapter 3 describes the experimental details including the materials used, mix proportion, 
mixture preparation and test methods used to achieve the objectives.  
 
Chapter 4 presents and discusses the results on the tests for water sorptivity, chloride 
diffusion, water permeability, carbonation, temperature and high pressure testing. The use 
of three different materials: lightweight aggregate concrete, normal weight concrete and 
recycled aggregate concrete is also discussed. 
 





2. Literature Review 
2.1 Applications and history of concrete structures 
The history of concrete sea structures goes back to the Romans, who used pozzolanic 
cement concrete for the underwater piers of their river bridges. Some of these are still 
standing. In 1848, Lambot first used reinforced concrete for small boats; one of his later 
boats is still afloat. Many marine structures have been built of concrete throughout the 
world since the early 1900's. In World Wars I and II, many hundreds of reinforced 
concrete ships were built, but their designs proved to be uneconomical. In the late 1950's, 
a number of prestressed concrete oceangoing barges were constructed in the Philippines. 
Concrete lighthouses were constructed as caissons in the 1960's; some of them were fixed 
in the sea bed by ground anchors. In the 1970's construction of offshore platforms for the 
exploration of oil started and by the end of 1986, eighteen concrete platforms have been 
installed in the North Sea. Floating concrete structures are economical to build and 
maintain. To keep maintenance costs low, quality assurance during construction is very 
important.  For cast-in-place structures, concrete with a minimum 28-day cube strength of 
40 N/mm
2
 is used, whilst in precast structures a strength of 50 to 60 N/mm
2
 is the usual 
objective. The water/cement ratio should be low and good curing is of importance. The 
ratio can be minimized by using superplasticizers to make the fresh concrete workable. 
Lightweight concrete is attractive because it permits better buoyancy. It should be noted 
that the concrete strength is slightly reduced by the saturation of the material with sea 
water as reported by VSL (1992). 
 25 
Concrete structures may be constructed in a convenient, protected area and then floated 
to the installation site. This method is used with advantage to avoid land reclamation, a 
costly and slow procedure, in which time must be allowed for consolidation of the fill, 
or to avoid the occupation of expensive, existing land. Even if the site is highly exposed 
to the weather, the structure can be quickly positioned in a short period of favourable 
conditions. 
 
The range of applications of floating concrete structures is fairly large. It may include: oil 
exploration and drilling platforms, oil production platforms, LPG terminals, barges, ships 
and yachts, floating docks, floating gates for dry docks, floating airports, floating power 
stations, ocean thermal energy convertor (OTEC) plants, rotating mooring structures, 
floating hotels, floating shopping centres, floating industrial plants, floating jetties, 
floating bridges, floating bridges piers, semi-submersible tunnels, floating lighthouses, 
floating breakwaters, floating bridge girders, semi-submersible towns etc. 
 
Floating concrete structures are the subject treated by a commission of the Federation 
Internationale de la Precontrainte (FIP) with the objective of preparing recommendations 
for the design and construction of such structures. The advantages of floating concrete 
structures include: Good durability (including high resistance to abrasion) and low 
maintenance, excellent fatigue resistance, high resistance to compressive forces, excellent 
behaviour in cold weather and at low temperatures, inherent rigidity, good thermal 
insulating properties, high fire resistance and good economy. 
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2.2 Applications and history of lightweight aggregate concrete 
There are many applications of lightweight aggregate concrete. Some structures that have 
used lightweight aggregate concrete include: the Roxburgh Country Offices built in 
1966-1967; the Marina city in Chicago built in the early 1960s; the Raymond Hilliard 
Centre in Chicago built in the mid-1960s; Guy‟s Hospital in London built in the 1970s; 
the NLA Tower in Croydon built in the 1970s; One Shell Plaza Tower in Houston built in 
1967; Australia Square in Sydney built in 1967; the BMW administrative building in 
Munich built in the late 1960s/early 1970s; the Standard Bank building in Johannesburg 
built in the late 1960s/early 1970s; the Lake Point Tower in Chicago built in the 1960s; 
the Commercial Centre Tower at Kobe, Japan built in the late 1960s; the Central Square 
office building in Sydney built in 1971/1972; the Sheraton Park Tower in Knightsbridge 
built in the 1970s and the Torre Picasso Building in Madrid, built in 1988/1989. The 
above examples illustrated by Clark (1993) demonstrate a number of applications of 
lightweight aggregate concrete worldwide. 
 
The use of lightweight aggregate concrete in precast units built during the late 1960s and 
early 1970s include: the Student Union Building at San Jose in California; the Scotstoun 
House at South Queensferry; the National Theatre in Tokyo and the Lloyds building in 
Chatham. The use of lightweight aggregate concrete for some marine structures include: 
the USS Selma, the ship Atlantus; a floating dock in Genoa Habour and a underwater oil 
storage tank in 150m of water in the North Sea off the west coast of Scotland. The use of 
lightweight aggregate concrete for some land structures include: a ski-jumping platform 
in Oberstdorf, Germany; the Parrot Ferry Bridge in California; the bridge over the Rhine 
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near Cologne; the bridge over lake Fuhlingen; the Ottmarsheim Bridge over the Alsace 
canal in France; the Boknasundet Bridge near Stavanger in the South Western region of 
Norway; the Clifton Down Shopping Centre Complex, Bristol; the South Stand at Rugby 
Football Union Ground, Twickenham, UK; the grandstand for the exhibition and 
stampede at Calgary, Canada and the West stand of Newcastle United Football Club at St 
James Park, Newcastle, UK.  
 
Using lightweight aggregate concrete, when the dead load/total load is high, substantial 
economy is achieved on material (concrete as well as steel). This also leads to saving in 
the frame, foundation design, substructure and cladding of a building. From the 
Federation Internationale de la Precontrainte (FIP) manual of lightweight aggregate 
concrete (1983), LWC has shown to have many advantages such as: lower dead load, 
heat insulation capacity, anti-condensation, properties, reduction in use of resources, 
reduced energy demand, and quicker production potential.  
 
LWC has for many years been taken as concrete with a dry density of not more than 1600 
kg/m
3
. However with the introduction of reinforced concrete structural members 
incorporation LWA, the density limit has been revised, since concrete mixes suitable for 
such a purpose often means dry concrete densities of up to 1840 kg/m
3 
.This is still LWC 
when compared with conventional concrete which weighs significantly higher at between 
2240 to 2400 kg/m
3
, Short and Kinniburgh (1978). Bai (2004) has shown LWC with 
densities in the range of 1560 and 1960 kg/m
3
and having a 28-day compressive strength 
in the range of 20 to 40 MPa. EuroLightCon (1998) reported that LWAC is defined by 
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many codes as concrete having an oven-dry density of less than 2000 kg/m
3
 and can be 
produced within a range of 300 to 2000 kg/m
3
. However the oven-dry density of LWAC 
for structures or structural members still have to be more than 800 kg/m
3
 (EuroLightCon, 
2000a). When properly made, concrete can be virtually maintenance free thus producing 
an attractive life-cycle cost. Also because of the severe environment that exists offshore, 
the durability aspects of the concrete will require special attention. Mehta (1988) 
confirmed that harmful chemical reactions between sea-water and the constituents of 
hydrated cement paste which lead to carbonation, sulphate attack and magnesium ion 
attack can be limited to the surface when measures to ensure low penetability concrete 
are successfully applied Hoff (1994).  
 
2.3 Water and chloride transport mechanisms  
They are 3 mechanisms in the transport of fluids in concrete. They are absorption and 
capillary effects, pressure differential permeability and ionic and gas diffusion (Concrete 
Society, 1987, Neville ,1995). For water transport, the 3 mechanism take the form of 
sorption into unsaturated concrete, permeation of concrete through hydraulic gradient, 
and diffusion of water vapour under a concentration gradient. While in the case of 
transport of  dissolved chloride ions in concrete, the 3 mechanisms manifested 
themselves in the form of capillary absorption of water containing chloride ions, 
permeation of salt in solution and diffusion of free chloride ions within water filled voids 
in the concrete as noted by Aldred (1999).These transport mechanisms for both water and 
dissolved chloride ions may act singly, simultaneously or in series depending on the 
exposure condition and the moisture content of the concrete. 
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The study of water and chloride penetrability into concrete is related to durability issues 
of concrete. Neville (1995) reported that is it is well known that water is responsible for 
many types of physical processes of degradation, and in porous material such as cement-
based materials, penetrability of the material to water usually determines the rate of 
deterioration. Water also serves as the carrying agent of soluble aggressive ions that can 
be the source of chemical processes of degradation, in which diffusion and adsorption 
mechanisms play a role. The transport mechanism that prevails is dependent on the 
moisture content of the concrete. When the pore system is unsaturated, capillary 
absorption and gas diffusion may dominate. When the pore system is saturated, a flow of 
fluid may occur under a pressure head. At normal pressure, diffusion of ions is the 
predominant transport mechanism (Zhang and Gjørv, 1991c). 
 
There have also been studies on concrete exposed to aggressive marine environment to 
study the transport mechanism involving dissolved chloride ions. It has been found to be 
largely similar to water. When concrete is fully saturated and exposed to seawater, the 
transport mechanism of free chloride ions into concrete is mainly by a pure diffusion 
process, with the concentration gradient being the driving force (Wee, 1996). The net or 
resultant rate of chloride ingress in concrete by diffusion is generally attributed to an 
interplay of major factors such as mix proportion particularly w/c ratio, constituent 
materials including the use of mineral admixtures, curing conditions, pore size 
distribution, leaching of calcium hydroxide and free chloride ion binding capacity. For 
marine structures, diffusion has been a familiar transport mechanism where gas diffusion 
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occurs in the atmospheric zone, water vapour diffusion occurs in the atmospheric, splash 
and tidal zone, and ionic diffusion occurs in the splash, tidal and submerged zone. 
(Concrete society, 1987). 
 
2.4 Water Sorptivity 
EuroLightCon has attempted to develop a reliable and cost-effective and construction 
methodology for structural concrete with LWA of natural as well as artificial aggregates 
(EuroLightCon, 2000b). EurolightCon reported that the initial absorption is “lost” 
information as the very porous LWA do absorb most of their moisture in the first minutes 
after immersion in water. However, EurolightCon has ensured that the material is 
completely dried prior to testing which is very rare in reality as the LWA is normally in a 
moist state. Hence their results and conclusions may not be comparable to the actual site 
conditions in the construction industry.  
 
For lightweight aggregate concrete most of the pores are interconnected and evenly 
distributed throughout the aggregate particles. The variation in the porosity and pore 
structure in different LWA will affect their water absorption significantly as observed by 
Swamy and Lambert (1981). An excellent bond between LWA and cement paste was 
observed too. Zhang and Gjørv (1991a) found that the characteristics of LWA may vary 
within wide limits. For high strength concrete, the characteristics of the aggregate are 
more important for the concrete properties than that for low-to-medium strength concrete. 
This conclusion is supported by Punkki and Gjørv ,(1993) who found that for high 
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strength LWAC even small amounts of water absorption by the aggregates from the fresh 
concrete may affect both the fresh and hardened concrete properties.  
 
Zhang and Gjørv (1991a) concluded that for various LWA, the particle shape, surface 
texture and pore structure varied within wide limits. Most of the pores in the LWA were 
open pores thus susceptible to water absorption and flow of water, to varying degrees. 
Their experimental program found that the water absorption varied from 8 to 13% by 
weight for the first 30min, but most of the water absorption took place within the first 
2min. An examination on the LWA they used revealed that the surface texture of all the 
aggregates was relatively smooth macroscopically, but microscopically the surface 
texture was rather rough. Zhang and Gjørv suggest that a high roughness of the aggregate 
surface may increase the bond strength between cement paste and LWA. It was also 
suggested that voids and fissures may increase the amount and rate of water absorption.  
 
The absorption of water from the fresh cement paste and concluded that the water 
absorption depended not only on the properties of the aggregate, but also on the water-
cement ratio of the cement paste stated Müller- Rochholz (1979). Results from 
subsequent research showed that the water absorption by LWA from the fresh concrete 
increased two hours after concrete mixing and approached that observed after 60min of 
immersion in pure water, Punkki and Gjørv (1993). Punkki and Gjørv also found that the 
rate and amount of water absorption were not only dependent on the properties of the 
LWA, but were also affected by the quality and volume of the cement paste as well as the 
procedure for concrete mixing. Hence, it appears that only one value for water absorption 
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such as that observed after 60min in pure water cannot be generally used for different 
types of concrete mixes. 
 
In order to control the water absorption from the fresh concrete, pre-soaked aggregate 
may be used as reported by Hammer (1992). If dry aggregates are used, an additional 
amount of water may also be added to the concrete during mixing. Often, this additional 
amount of water is assumed to be the same as that absorbed after one hour immersion in 
pure water. The FIP Manual of Lightweight Aggregate Concrete (1983) mentioned that 
the water absorption of LWA is dependant on the surface texture of LWA, the structure 
and volume of the aggregate‟s internal pores, the initial moisture content in the LWA 
prior to mixing, the viscosity of the fresh mortar matrix and the time for compaction to be 
completed. Hence it was not possible to predict the amount of water absorbed by the 
LWA from the fresh mortar matrix or retained in the aggregate pores after placing and 
compaction, but recommended the water absorbed by LWA during setting is estimated by 
the water absorbed by LWA store in water for 30 minutes (FIP Manual, 1983).   
 
(EuroLightCon, 1998) recommended the water absorbed by LWA in water for 1hour be 
used for estimation. In Germany, it is recommended to use twice the amount of water 
which will be absorbed by LWA immersed in water for 30 minutes, to estimate the water 
absorbed by LWA in the mixing process. 
 
In saturated concrete, the transport of water will always be initiated by a surface tension 
within the capillary network, known as capillary suction or sorptivity. With one end 
 33 
exposed to water and the other to atmosphere, the bulk of moisture flux will be 
transmitted by capillary tension. Even in the case of penetration flow driven by a pressure 
differential into an unsaturated concrete, sorptivity is still the main transport mechanism. 
Capillary movement relies on the difference in pressure between the upstream and 
downstream surfaces of the menisci to transfer water mass in concrete pores (Hearn et al, 
1994). In unsaturated concrete, initial water absorption is initially related to the square 
root of time (√t), and sorptivity of the material is defined by the gradient of the line (Hall, 
1977, Fagerlund, 1982, Vuorinen, 1985, Dolch and Lovell, 1987, Ho and Lewis, 1987, 
Emerson, 1990, Hearn, 1994). The sorptivity of concrete is based on unsaturated flow 
theory (Hall, 1989), and the coefficient of water sorptivity is given by: 
i = A‟ + Sw t          (2.1) 
where Sw = coefficient of water sorptivity mm/min 
0.5
, A‟ = constant (mm3/mm2), t = time 

















        (2.2) 
where ∆W = increase in the weight of the specimen (g), A = cross-sectional area, 
calculated as 22500mm
2
 for 150mm cubes, Wt = weight of the specimen after a test 
duration t (g), Wo = initial weight of the specimen (g), ρw = density of water = 
1000kg/m
3
. A‟ allows for the small intercept frequently encountered and arising from the 
rapid filling of surface pores, (Hall and Yau, 1987). 
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A wide variety of water absorption tests on concrete have been developed. These tests 
measure weight gain of a specimen, volume of water entering the specimen, depth of 
penetration, or a combination thereof, by either complete immersion of dry specimens in 
water or exposing only one face to water or spraying the specimen surface with eater. The 
sorptivity is proportional to the square root of time in these different processes but 
different test procedures yield significantly different soprtivity values. The sorptivity tests 
have been standardized in many countries such as in BS1881 fir Great Britain, ASTM C 
642 for North America, and AS1342 for Australia. However considerable variations in 
sorptivity measurement still exist due to differences in the test limits and procedures.  
 
Gummerson (1980) has a good approach that defines sorptivity as a relationship between 
the volume of water absorbed per unit area of suction surface, and the square root of the 
absorption time. This test method measures the reliable and easily obtained volume of 
water absorbed, rather than depth of absorption which is often subjective and requires 
splitting of the specimen. In addition, the amount of water absorbed per unit area of 
exposed surface is independent of the area of suction surface for uniaxial flow (Hearn, 
1994) 
 
The sorptivity test has its limitations. On of the problems is that the sorptivity test is only 
able to evaluate the surface of the concrete. Within the time frame considered, the 
sorptivity of the concrete is only affected by the surface conditions, and will not be able 
to provide any information on the bulk properties of the concrete (Hearn, 1994). Another 
problem is that the sorptivity is not a property that is constant over a long term. When the 
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specimen is first exposed to water for capillary absorption, it will absorb the water 
according to an initial sorptivity. However after some time, there will be a change to this 
value and additional water absorbed will follow another sorptivity value (Martys and 
Ferraris, 1997). This phenomenon has been attributed to the initial dominance of the 
larger capillary pores resulting in a larger sorptivity value until they are filled after which 
the smaller gel pores dominate with their lower sorption effects. 
 
Despite the problems, the sorptivity test is still an important test. A investigation by Hall 
and Tse (1986) reported that the sorptivity test can be used to assess the capillary water 
absorption properties of mortars. Sorptivity is a precise quantity which can be measured 
rapidly and reproducibly. It is both a fundamental quantity of unsaturated flow theory and 
a simple index of water absorption behaviour. It is concluded that the measured sorptivity 
of mortars varies markedly with w/c ratio and cement/sand ratio, and ranged in the 
materials studied from 0.15 to 2 mm/min
1/2
 approximately Hall and Tse (1986). Neville 
(1995) has also reported on some typical values of sorptivity, such as 0.09 mm/min
1/2
  for 
concrete with w/c ratio of 0.4 and 0.17 mm/min
1/2
  with w/c ratio of 0.6. The Concrete 
Society (1987) has made reference to the test procedures in RILEM Technical 
Recommendations CPC 11.2 Absorption of water by concrete by capillary, and has 
reported that the sorptivity test is fairly easy to carry out with good reproducibility, and is 





2.5 Chloride Diffusion 
Diffusion is the transport of water vapour molecules or dissolved ions in concrete as a 
result of concentration gradient. Diffusion into concrete, like any diffusion process, is 
defined by Fick‟s First Law. Under the one-dimensional situation normally considered 




          (2.3) 
Where J = flux of chloride ions (kg/m
2
s), Deff = effective diffusion coefficient (m
2
/s), C = 
concentration of chloride ions (kg/m
3
), x‟ =position variable (m). The above equation is 
applicable only if there is no change in concentration with time, hence a steady-state 
condition. For non-steady state conditions (when concentrations are changing), Fick‟s 












         (2.4) 
This includes the effect of changing concentration with time (t). Solving the above 
equation using the boundary conditions C (x=1, t>o) = C0 (the surface concentration is a 
constant C0), the initial condition C (c>o, t=0) = 0 ( the initial concentration in the concrete 
is 0) and the infinite point condition C (x=∞, t>0) = 0 ( the concentration will always be 0 at 

















       (2.5) 
Where, C(x,t) = chloride concentration at depth x (kg/m
3
), C0 = surface chloride 
concentration (kg/m
3
), erf = error function, x = depth of penetration (m), Deff = effective 
diffusion coefficient (m
2
/s) and  t = time of exposure (s). 
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Extensive literature review has revealed that many researchers have made modifications 
to Fick‟s Second Law for various reasons. In Norway, SELMER ASA has developed a 
modification to the traditional Fick‟s Second Law of diffusion for the initiation period of 
corrosion, (Carlsen, 2000). Goto (1979) has proposed the following equation to relate 
depth of penetration (x) to the time (t) based on Fick‟s Second Law:  
x = 4 tDc  + a‟         (2.6) 
where x = depth of Cl
-
 penetration(m) obtained using the AgNo3 spray method, Dc = 




/week),  t = exposure period (s or week), and   
a‟ = empirical constant (m). 
 
Chloride diffusion of in-situ concrete is usually determined by analyzing a concrete core 
at successive depths, hence establishing a chloride ion concentration profile. Other 
methods involve the use of a concrete slice as a membrane between two salt solutions. 
Some of these test methods have been contained in standards such as AASHTO T259 and 
NordTest NTbuild 443. Other method for examining the diffusion of chloride ions in 
concrete through the application of an electrical current has been developed, such as 
AASHTO T277 and ASTM C 1202. These test methods for determining the chloride 
penetration resistance of concrete had been reviewed by Stanish (2000). 
 
For concrete, there are some factors that may interfere with simple interpretation of 
diffusion data. First of all, the chloride ions are not diffusing through a homogenous 
solution. Concrete is a porous matrix with both solid and liquid components. The 
diffusion through the solid portion of the matrix is negligible when compared to the rate 
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of diffusion through the pore structure. The rate of diffusion is thus controlled not only by 
the diffusion coefficient through the pore solution but by the physical characteristics of 
the capillary pore structure, such as the volume, size and continuity of the pores (Hearn, 
1994). 
 
2.6 Water Permeability  
The movement of water (with or without dissolved ions) as a result of a pressure 
differential is called permeability. In this transport mechanism, it is assumed that a 
steady-state condition has been established where flow through the capillary network is 
laminar. In saturated concrete, Darcy‟s permeability describes the steady flow of water 






           (2.7) 
Where Q = flow rate (m
3
/s), A = cross sectional area of flow (m
2
), k = coefficient of 
water permeability (m/s), x = depth of penetration, ∆H = drop in hydraulic head across 
the sample (m) and L = thickness of specimen (m). 
 
Darcy‟s equation of flow was initially developed for water flow though sand. It defines 
permeability (k) as the velocity of the fluid per unit hydraulic gradient though a porous 
medium. The above equation implies that a linear relationship exists between the velocity 
of flow and the hydraulic gradient. This relationship has been confirmed to hold for 
movement of fluid through concrete under a pressure gradient as well (Ruettgers et al, 
1935, Concrete Society, 1987, Neville, 1995). 
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One of the major objections of saturated water permeability test is that the boundary 
conditions are not representative of the usual concrete environment. Other major 
disadvantages of saturated water permeability testing include potential problems with 
saturation of specimens (Concrete Society, 1987, Hooton 1989, Hearn et al, 1994), and 
decrease in flow with the progress of the test (Concrete Society, 1987, Hearn et al, 1994). 
However despite these advantages, the saturated water permeability test has drawn 
considerable attention due to the advantages it provides. The main attractions are 
saturated flow gives intrinsic permeability as defined by Darcy‟s Law; saturated flow has 
only one fluid transport mechanism which is flow of water through voids driven by 
hydraulic gradient, while unsaturated flow is attributed to diffusion, adsorption, capillary 
and saturated flows; and thirdly the conditioning process for saturated flow does not 
damage the microstructure of the concrete specimen (Hearn et al, 1994). 
 
Considering that the cement matrix in high-quality concrete is very dense, the time 
required to establish steady-state condition required for Darcy‟s flow may be very long. 
Researchers have proposed a penetration method to assess the permeability of such high-
quality concrete, in which depth of water penetration under the hydraulic gradient is a 
variable to be determined experimentally instead of the flow rate through the concrete 
(Valenta, 1969, Concrete Society, 1987, Hearn et al, 1994, Neville 1995, Khatri and 
Sirivivatnanon, 1997). This eliminates the need for the concrete sample to be saturated 
prior to testing. Based on Valenta‟s equation (Valenta, 1969), a coefficient of water 






          (2.8) 
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where k = coefficient of water permeability (m/s), a = porosity, x = depth of penetration 
(m), ∆H = drop in hydraulic head across the sample (m), T = time of test (s). 
 
Khatri and Sirivivatnanon (1997) examined both the flow method defined in equation 
(2.7) and the penetration method defined in equation (2.8), and have proposed a guideline 
based on strength and age of concrete sample for the selection of the appropriate method 














 < 10,400, the flow method is recommended,  
Where T = age of concrete specimen (days), and  Fc
28 
= compressive strength of concrete 
at 28days (MPa).These guidelines were proposed based on their study at pressure of 
0.69MPa. Increasing the pressure is expected to enlarge the region in which constant flow 
method can be applied. 
 
2.7 Penetrability of Concrete 
Though LWAC has been used for a couple of decades all over the world, the factors that 
influence the penetrability of LWAC, as well as the penetrability of LWAC in 
comparison with NWC, have not been well-established. Some researchers have reported 
on LWAC having high penetrability than NWC, while others have reported on equivalent 
or an improved resistance of LWAC to penetration to deleterious agents. In concrete, the 
penetrability of the paste normally has the greatest influence on its permeability. In 
NWC, the aggregate may influence permeability in two ways. Firstly, the paste/aggregate 
interface has a higher permeability than the bulk paste, and secondly, the aggregate itself 
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has a higher permeability than the paste, while the interface has lower permeability 
compared to NWC. To what extent this influences the permeability is not obvious 
(Hammer and Hansen, 2000). 
 
Penetrability of concrete is not a simple function of its porosity, but depends also on the 
size, distribution, shape, continuity of the pores. In addition the cement particle size 
distribution affects the concrete permeability (Neville, 1995, EuroLightCon, 1998, Chia 
and Zhang, 2002, Tsivilis et al, 2003). Furthermore, microcracks in the matrix may 
contribute significantly to the permeability. The research also showed that the gas 
permeability is closely related with the porosity, while on the other hand, water 
permeability and sorptivity seem to be affected by the size and kind of pores (Tsivilis et 
al, 2003). 
 
Many studies have shown that concrete penetrability is influenced by w/c ratio, coarse 
aggregate absorption and curing condition (Goto and Roy, 1981, Schonlin and Hilsdorf, 
1988, Young, 1988, Wei et al, 1996, Mahboub et al, 2003). The pore size distribution is 
strongly influenced by curing temperature, where high temperatures increase the volume 
of large mesopores. This is expected to result in higher permeabilities, and this had been 
found to be true when curing temperatures were varied (Goto and Roy, 1981). These 
factors not only affect the permeability of concrete but also the resistance of concrete to 
chloride ingress. Kuhail and Shihada (2001) carried out a study on 6 concrete mixes 
prepared using different w/c ratios and cement contents, to explore the effect of Gaza 
seawater on concrete properties. The samples were tested for a period of up to 7 months 
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in terms of chloride ion penetration and water permeability for three different exposures 
of beach zone, tidal zone, and permanent immersion zone. The variations in w/c ratio and 
cement content affected the water permeability in the same way as the concrete‟s 
resistance to chloride ion penetration.  
 
Research by Midgley and Illston (1984) and Page et al (1981) have shown that an 
increase in w/c ratio leads to a more porous concrete and thus results in a reduction in the 
resistance of concrete to chloride ingress. Wee et al, (1996), carried out research on 
compressive strength tests, mercury intrusion porosimetry and chloride ingress tests at 
temperatures of 20 ºC and 30 ºC to study the strength development, pore size distribution 
and chloride ingress under topical and temperate conditions respectively. The early 
strength development and chloride penetration depth of these mixes at 30 ºC were 
observed to be higher than those at 20 ºC. This indicated that even with a denser 
microstructure and thus a higher early strength development due to higher temperature 
under tropical conditions, the rate of chloride ingress was faster than that under temperate 
conditions (Wee et al, 1996). It has also been observed by Wei et al (1996) that by 
reducing the water/binder ratio the chloride ingress in concrete decreases, and therefore 
improvement in durability is achieved. Similar research had also been carried out to 
illustrate the behaviour of lightweight concrete exposed to a marine environment such as 
that of Carlsen (2000), who did a parametric study on the influence of various curing and 
exposure regimes.  
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Besides major studies on w/c ratio, curing temperature and exposure conditions, research 
has also been carried out on the effect of cement content on the penetrability of concrete. 
(Zhang and Gjørv, 1991c) examined the permeability of  high-strength lightweight 
concrete and realized that the permeability decreased for increasing cement content from 
400 to 500 kg/m
3
, but a further increase up to 600kg/ m
3
 did not improve permeability. In 
fact, an increased permeability was observed, which may be attributed to thermal 
cracking. It had been found that as the cement paste content increased, the absorption 
increased and the effect was more pronounced for concrete of high w/c ratios (Kolias and 
Gerorgiou, 2005). The effect on transport properties and therefore durability may be 
explained by the fact that the cement paste is the main medium of porosity in the 
concrete. If the volume of aggregates is replace by the cement paste, the volume of this 
porous material per volume of concrete is increased and hence the concrete becomes 
more porous. . 
 
Some researchers who carried out tests on LWC had reported higher penetrability of 
LWC in comprison to NWC (Lydon, 1995, Sugiyama et al, 1996a, Haque and Al-Khaiat, 
1999, Al-Khaiat and Haque, 1999, Bai et al, 2004). Haque and Al-Khaiat (1999) noted 
that the water penetrability of total LWC was found to be higher than the NWC on 
exposure to hot marine environment. Research results show suggest that the higher the 
water penetrability of a given concrete, the higher is the penetration of damaging species 
like carbon dioxide, sulphate and chloride ions into concrete. Furthermore, the depth of 
water penetrability of a concrete can be used as in indicator of its durability (Haque and 
Al-Khaiat, 1999, Al-Khaiat and Haque, 1999, Haque, et al, 2004). Hence in order to 
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manufacture durable LWAC, measure should be also taken to further improve the 
permeation property.  
 
There were also researches which suggest equal or lower penetrability of LWC compared 
with that of NWC (FIP manual, 1983, Sugiyama et al, 1996b, Chia, 2001, Chia and 
Zhang, 2002). Although LWAC are normally very porous, several investigations had 
shown equal or lower water permeability of LWAC compared to NWC. According to 
Holm et al (1984), Khokhrin attributed this behaviour to a combination of improved 
interfacial zone, a more unified structure, and a reduction of internal stresses due to 
volume changes in the initial unloaded state. It was suggested that the formation of a 
coating layer dense cement paste around the individual LWA particles may explain the 
improved permeability. Lydon (1980) studied the long-term performance of hollow 
concrete spheres exposed to seawater with a hydrostatic pressure of 13.8MPa. The study 
suggested that the porosity of the LWA did not affect the permeability of the concrete 
much as compared to the tightness of the cement paste and the paste-aggregate interface. 
This finding is further supported by Zhang and Gjørv, (1991c) who concluded that 
permeability of high-strength LWC appeared to be more dependent on the porosity of the 
mortar matrix than the porosity of the LWA. From the research, it was found that there 
was a certain direct relationship between the water permeability and the observed rate of 
chloride penetration. Both properties depended on the pore structure of the concrete and 




Besides research on the permeability of LWAC in comparison to NWC, there were also 
some studies on the factor that would influence the penetrability of LWAC. Gjørv et al, 
(1994a) examined the diffusivity of chlorides from the seawater into high-strength 
LWAC, and found that increasing content of the total amount of cementitious materials 
from 440 to 660kg/ m
3
 reduced the diffusivity by a factor of about 2. Their research 
further showed that the type of fine aggregate and maximum aggregate size had only 
minor effects on chloride diffusivity. In addition, the diffusivity is reduced by a factor of 
2 by increasing the aggregate density from 1.07 to 1.44g/ cm
3
 (Gjørv et al, 1994a). This 
finding is in contrast to results from other researches, which showed no substantial 
difference in chloride diffusivity for LWAC with different qualities of LWA (Zhang and 
Gjørv, 1995, Sugiyama et al, 1996a). In another study, Gjørv et al, (1994b) examined the 
effects of wet and dry LWA on the properties of LWAC. It was found that the 
compressive strength was higher for the wet aggregate compared to the dry aggregate 
concrete. Gjørv et al, explained this difference by the better availability of moisture 
provided by the wet aggregate during curing. However, in spite of better curing 
conditions, a higher chloride permeability was also observed for the wet aggregate 
concrete. This observation may be due to an increased porosity of the interfacial zone 
between the aggregate and the cement paste (Gjørv et al, 1994b). In the dry aggregate 
concrete, the aggregate may have absorbed part of the mixing water and thus reduced the 
porosity of the interfacial zone. 
 
Aitcin (1998) reported that chloride ion penetration is probably the most devastating 
phenomenon for structures made of usual concrete. When chloride ions penetrate into the 
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interstitial solution, they can react with unhydrated C3A to form monochloroaluminates 
(3CaO.Al2O3.CaCl2.10H2O) which can modify the microstructure of concrete favorably, 
or more devastatingly, they can reach reinforcing steel rebars and corrode them quite 
rapidly. This corrosion usually begins with the development of a network of micrcracks, 
which facilitate further the penetration of additional chloride ions, and ends up spalling of 
the concrete owing to the expansive forces resulting from the formation of rust. This 
spalling of the concrete exposes a new concrete surface to the action of chloride ions. 
 
The water permeability and chloride penetrability of high strength LWAC was researched 
by Chia and Zhang (2002) and they found that at the strength level of about 30-40MPa, 
the water penetrability of the LWAC with a w/c ratio of 0.55 was lower than that of the 
corresponding NWC with the same mortar composition. It was explained that the denser 
interfacial zone in LWAC compared with NWC and the decreased frequency  of 
microcracking in LWAC due to less disparity in the modulus of elasticity between the 
aggregate and the mortar matrix, may be the reasons for the lower permeability observed 
in lower-strength LWAC. Furthermore the pore size of LWA are often much higher than 
the paste, and hence the capillary forces in the LWA were not strong enough to increase 
the water flow in the paste (Hammer and Hansen, 2000). On the contrary, they may act 
like air pores that had to be filled and thus contribute to lower permeability. However 
when the w/c ratio was decreased to 0.35, the water permeability of both LWAC and 
corresponding NWC were of the same order. In these high-strength concrete, there was 
significant improvement in the permeability of NWC due to improvement in the mortar 
matrix and the interfacial zone between the aggregate and the matrix. Microcracking 
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might have been reduced in high-strength NWC by the reduction of elastic mismatch 
between the aggregate and mortar matrix (Chia, 2001, Chia and Zhang, 2002).  
 
For chloride penetrability, the resistance of the LWAC to the chloride penetration and its 
chloride diffusion coefficient were similar to that of NWC with equal w/c ratio 
(Sugiyama et al, 1996b, Chia 2001, Chia and Zhang, 2002). This suggested that the 
chloride penetration may not be correlated to the water permeability of concrete (Chia, 
2001, Chia and Zhang, 2002), and indicated a negligible effect of the porous LWA on the 
transport of chloride ions through LWAC (Sugiyama et al, 1996b). Chia and Zhang 
(2002) suspected that most chloride ions did not penetrate into the LWA due to a denser 
outer layer of the LWA (Zhang and Gjørv, 1991a) and a highly quality interfacial zone 
between the LWA and the mortar matrix (Zhang and Gjørv, 1990). In addition, water 
permeability and chloride diffusivity were more controlled by the quality of the concrete 
matrix than the characteristics of the LWA (Zhang and Gjørv, 1995). Sugiyama et al 
(1996b) reported that the chloride diffusion coefficient of saturated concrete, which was 
measured by an accelerated electrical method with the electric potential of 15 volts, 
increased by a factor of about 2.2 times as the w/c ratio increased from 0.4 to 0.6 for both 
NWC and LWAC. 
 
Zhang and Gjørv, (1995) carried out a study on LWAC and reported that LWAC exposed 
to seawater generally showed a high resistance against chloride penetration. During seven 
years of exposure, the effective chloride diffusivity was successfully reduced to a range 
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/s. The research further indicates that water permeability was 
generally low for LWAC ranging from 2.4 x 10
-12




2.8 Concrete deterioration in sea-water 
Aleskseev and Ivanov (1993) reported on the composition of of sea and ocean waters. 
Table 2.1: Composition of sea and ocean waters. 














Ocean 35 19.4 2.7 0.07 10.7 1.3 0.42 
Black Sea 18 9.9 1.4 0.04 5.5 0.67 0.22 
Caspian Sea 13 5.4 3.1 0.11 3.3 0.74 0.35 
 
The reactivity of seawater is a function of its salt composition and the assumption that 
magnesium sulphate and magnesium chloride convert to magnesium hydroxide and that 
all biocarbonates and equilibrium carbon dioxide convert to carbonates, Hoff (1991). 
MgSO4 + Ca(OH)2   MgSO4 + Mg(OH)2      (2.9) 
CO2  + Ca(OH)2    CaCO3 + H2O       (2.10) 
3CaSO4 + C3A + 3 H2O = C3A. 3CaSO4 .3 H2O      (2.11) 
    (ettringite) 
 
Mg(OH)2 and CaCO3 form a film on the concrete surface and seal the pores. When 
ettringite and partly CaSO4 are liberated, they enlarge the volume, resulting in expansion. 
Apart from these main reactions, the chlorides react with calcium hydroxide and C3A as 
follows: 
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MgCl2 + Ca(OH)2    CaCl2 + Mg(OH)2       (2.12) 
CaCl2 + C3A + 10 H2O    C3A.CaCl2.10 H2O       (2.13) 
The above reactions represent only the overall scheme of processes. Several chemical 
analyses of hardened cement confirmed and accumulation of magnesium and sulphates in 
the concrete (Dement‟ev, 1934 and Ivanov, 1980)and recently even the formation of 
films of CaCO3 and Mg(OH)2. (Buenfeld, 1986). 
 
Japanese investigator (Mikiya, 1978) studying the action of sea-water on hardened 
cement and cement mortars assigned an important role to chloride ions diffusing in the 
initial period very intensely, in view of their high concentration in sea-water. The 
formation of  calcium chloroaluminate and sulphochloroaluminate (C3A.CaCl2.10H2O 
and  C3A.CaSO4. CaCl2.12 H2O) was established.  The diffusion of chlorides were studied 
predominantly from the viewpoint of the possible development of deterioration of the 
reinforcement (Scholz, 1986), but the results obtained are also of interest from the 
viewpoint of the stability of various concretes. Studies of the resistance of concrete have 
shown that the deterioration intensifies in hot water and due to the swelling of the 
concrete and sulphate ingress into the concrete (Oscar, 1977). Apart from the chemical 
composition of water, the rate of water flow and temperature also exert a significant 
influence on resistance to deterioration of concrete. 
 
It was shown by Ivanov (1984) and Buenfeld (1986) that the calcite and brucite films 
formed on the concrete surface in seawater greatly reduced the diffusive permeability of 
the surface layer of concrete and thus increased its stability. These data explain why 
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concretes are more resistant in seawater than in pure solutions of the same salts eg: 
MgSO4. A considerable reduction of diffusive permeability is achieved even when the 
thickness of the layer of insoluble compounds is only 150-200μm, This also suggests the 
possible effect of not only the mechanical action of drifts, but also the intensification of 
chemical processes on the removal of the protective films on resistance against 
deterioration. The effect of protective films on resistance to deterioration requires further 
study. Sandberg and Tang (1994) recommended a more appropriate way of describing the 
chloride-ion diffusion. It would be to use concentration profiles of free chlorides in pore 
solution and temperature effects on the diffusion process.  
 
2.9 Water pressure on concrete structure  
The most critical area for chloride corrosion of reinforced concrete in marine 
environment is at the tidal zone and the zone up to 100m on the coast. This zone is 10m 
high on the Adriatic sea, (Swamy, 1988 and Oshiro,1988). At heights below 10m, 
penetration of chloride in normal strength concrete rises exponentially up to the values 
found in the tidal zone. The penetration of chlorides in the concrete below the sea level is 
proportional to the depth and hydrostatic pressure. Penetrability resistance of concrete at 
high pressures of seawater is important for deep water marine structures. Studies in this 
area have been conducted in the USA and other countries. However little information has 
been published. Indian scientists Krishnamurthy and Kowadkar (1981) have researched 




2.10 Swelling of concrete under water 
According to Bijen and van der Wegen (1994) concrete submerged in water swells. The 
expansion is lager in seawater than in fresh water. Due to the growing interest in deep 
sea-water applications on concrete, an investigation into the behaviour of concrete in 
seawater under pressure has been done. Under high pressure the swelling is larger and 
faster than under atmospheric pressure. The swelling can be up to 1% in a few years. In 
saturated lime-water the swelling is much lesser than in seawater. The construction of 
concrete structures in deep seawater has increased the need for data concerning the 
behaviour of concrete in that environment. Within that context of the Marine 
Technological Research Program of the Dutch Industrial Council for Oceanology (IRO) a 
project on durability of concrete offshore structures has been in progress since 1980. Part 
of this comprehensive project is the behaviour of concrete in seawater under high 
pressure. The deep seawater has been simulated in high pressure water tanks filled with 
synthetic seawater. Two types of cement were used in the IRO project, normal Portland 
cement and Portland blast furnace slag cement. The Portland blast furnace slag cement 
contained about 70% ground granulated slag. The aggregates used were river sand, 
crushed limestone and crushed basalt. Exposure of the specimens were done at 
atmospheric pressure, 0.1MPa and a high pressure of 10MPA, both in saturated 
limewater and synthetic seawater. The exposure was conducted at 5 ºC,  20 ºC and 40 ºC. 
Measurements were taken after 7, 28, 62, 185 days and 3 years exposure. At 1000m 
depth seawater has an average temperature of about 5 ºC regardless of the geographic 
locations. There appears to be a decrease in swelling at increasing temperature. However, 
after three years, the results were less distinctive. The penetration of ions increased only 
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slightly with an increase in temperature from 5 ºC to 20 ºC. However, the difference is 
small in comparison with differences in diffusion coefficients reported in literature 
(Short, 1982). The penetration of seawater due to high hydrostatic pressure plays an 
important role. The seawater pressure has a substantial effect on the penetration of 
chloride ions. In the case of atmospheric pressure the penetration must be due to diffusion 
and water absorption. In the case of the simulated deep seawater, the hydrostatic pressure 
will be another contribution the transport, but only a temporary one since between two 
and six months, not much difference in penetration is observed. At 10MPa seawater 
pressure the swelling of concrete is substantially higher than under atmospheric pressure. 
After three years of exposure the swelling can amount to 1%. The swelling of concrete is 
related to water uptake. However, there is a dormant period in which water uptake does 
not cause any swelling. After a certain amount of water has been absorbed, a linear 
relationship is developed between water uptake and swelling .Because the amount of 
penetrated chloride appears to be linearly related to seawater uptake, the rate of swelling 
appears to be strongly dependent on the amount of chloride penetrated. The larger the 
chloride content penetrated the larger the swelling.  
 
2.11 Effect of Temperature on concrete 
According to Basson (1992), chemical reaction rates are temperature dependent and 
generally double for every 10 degree rise in the Kelvin temperature. Warm waters 
therefore have higher corrosion rates than cold waters. Roberts (1962) and Larsson 
(1995) indicate that the amount of bound chloride decreases as temperature increases. 
Indeed for a physical adsorption, an elevated temperature increases the thermal vibration 
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of absorbates (chloride ions), resulting in more unbound chloride ions. For a chemical 
reaction, although an elevated temperature increases the rate of reaction, it may also 
increase the solubility of the reaction products (Friedel‟s salt), resulting in more reactants 
(chloride ions) free at the equilibrium. Therefore, both physical adsorption and chemical 
reaction tend to decrease chloride binding at elevated temperature. This temperature 













        (2.14) 
Where fb(T) and Eb can be called the temperature-dependent coefficient and the 
activation energy for chloride binding respectively. Diffusion is a type of thermodynamic 
movement .According to the collision theory, the proportion of particles colliding with at 
least the Energy ED follows the Boltzmann distribution i.e exp(-ED /RT). Therefore, 
diffusivity increases with temperature. The studies reported by Collepardi et al (1972) 
and Page et al (1981) indicate that the influence of temperature on on chloride diffusivity 














       (2.15) 
where FD(T) and ED can be called the temperature-dependent coefficient and the 





2.12 Carbonation  
Carbonation occurs in concrete because carbon dioxide in the atmosphere and water 
penetrates the concrete structure with the calcium bearing phases. 
 Ca(OH)2 + CO2 → CaCO3 + H20       (2.16) 
By weight, cement paste contains 25- 50% of calcium hydroxide, giving fresh 
cementpaste at least a pH of 12.5. Corrosion of steel occurs as the pH of the product 
CaCO3 is reduced to a level less than 11.5, destroying the passive film formed on the 
embedded reinforcement steel bars due to the alkaline environment of concrete. 
Accelerated carbonation on recycled aggregate concrete have been carried out by Levy 
and Helene (2004) using RILEM CPC 18 method (RILEM TC 56, 1988). They showed 
that in general, carbonation depth decreased as recycled aggregate content increased. This 
may be attributed to two reasons: the higher cement content of the recycled aggregated 
mixes used to compensate for shape and the residual cement from crushed concrete 
within the recycled aggregate. According to Waste (2007), the alkaline reserve acts to 
protect the concrete surface against carbonation mechanisms. In addition recycled 
aggregates from crushed concrete and crushed masonry are partly constituted with old 
mortar that increases the alkaline reserve further. The use of recycled aggregate in 
concrete gave better performance with respect to carbonation than natural aggregate. 
Similar performance has also been observed by (Ifah, 2000 and Levy and Helene 2004) 
while Dhir et al (1998) have previously shown that at equal strength, RCA concrete gives 
better performance than normal weight aggregate concrete. 
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Holm (1991) reported on an ongoing field exposure testing program for various types of 
concretes in a cold marine environment. The lightweight aggregate concrete tested was of 
water/cement ratios of 0.4, 0.5 and 0.6. From testing, it was noted that there were no 
significant differences between structural lightweight concrete (8 years) and normal 
weight concrete (10years) after exposure to twice daily sea water submersion and almost 
1000 cycles of freezing and thawing. Field exposure site tests in the Soviet Union have 
also been reported by Moskvin et al (1952) based on concretes exposed to severe weather 
in the Kolski Peninsula in the region of Murmansk. In winter the test site was periodically 
wetted by sea water during high water and then exposed to frost at low water. In these 
tests, lightweight concrete satisfactorily sustained more than one thousand freezing and 
thawing cycles. World War II lightweight concrete ships and bridges were recently 
surveyed for durability with particular attention to measurements of carbonations and to 
the presence of corrosion of the steel reinforcing. It was observed that, for high quality 
mature lightweight concrete structures exposed to long-term weathering in a marine 
environment, the depth of carbonation is essentially negligible. Apparently the high 
moisture condition existing in marine environments has significant influence in reducing 
the penetration of carbonation into the concrete. Measurements of the depth of 
carbonation in laboratory specimens, as well as mature bridge decks, have demonstrated 
the decisive influence of the quality of the continuous cementitious matrix phase. 
 
2.13 Background of mineral admixture silica fume 
During the last decade, the use of silica fume also called microsilica has significantly 
increased as a supplementary cementing material in concrete construction in North 
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America, Japan and France. With the incorporation of condensed silica fume, a waste-by-
product from the silicon metal and ferrosilicon alloy industries, significant desired 
improvement in the rheological as well as mechanical properties of concrete has become 
possible. Tjorn bridge in Sweden is the first major civil engineering structure in which 
silica fume (SF) was used. During the last 10 to 15 years, many structures around the 
world have been constructed using SF in concrete. Among these is one of the most 
prestigious new structures in Paris, L‟Arche de la Defense. SF is a very fine powder with 
glassy spherical particles having diameters 100 times finer than Portland cement. The 
particle size ranges from 0.1μm to 0.2 μm. The silica (SiO2) content in SF varies from 
85% to 98%. Loose SF has a bulk unit weight of 240kg/m
3
 to 300 kg/ m
3
. SF does not 
suffer the variability in composition and heterogeneity in mineralogy typical of fly ashes. 
Surface areas of the order of 20 to 23 m
2
/g for condensed silica fume are reported in the 
literature. The extremely small size and spherical shape of glassy SF particles makes it 
highly reactive pozzolan which appreciably improves the properties of concrete both in 
fresh and hardened state. Because of the increased and accelerated pozzolanic reactivity 
of microsilica, calcium hydroxide release during the cement hydration is fast consumed 
to form cementitious materials. Each SF particle acts as a nucleation site for precipitation 
of calcium hydroxide. As a result, numerous small crystals, rather than a few large ones, 
are formed. The absence of large crystals of portlandite [Ca(OH)2] which are weak and 
their replacement by smaller crystals can enhance the mechanical properties as stated by 
Ramachandran (1995). He also concluded that the addition of SF contributes significantly 
to the improvement in the microstructure of the hydrated cement paste in the transition 
zone. With the incorporation of increasing amount of silica fume in concrete, the 
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thickness of transition zone decreases and also accumulating water under aggregate 
particles in reduced. This results in improved strength and reduced permeability of 
concrete due to the reduction in the porosity of the transition zone and the refinement of 
the pore structure of the hydrating cement paste itself. 
 
2.14 Effects of  silica Fume 
The addition of SF as cement replacement reduces both water permeability as well as 
chloride ion permeability of concrete depending on the SF content, cement content of the 
mix, and W/(C+ SF) ratio. In a study to determine the water permeability coefficients of 
concretes containing 300kg/m
3
 of cementitious materials with SF used at 0%, 5%, 10%, 
and 20% cement replacement, Sandvik (1983) reported that with 10% and 20% SF 
addition, the permeability coefficients were too low to measure (less than 10
-12
 cm/S). 
with 5% SF addition, the permeability coefficient was measures to be 6 x 10
-12
  cm/s 
against 3 x 10
-9
 cm/s for similar non SF concrete. This was in line with research by Gjørv 
(1983) and Markestad (1977), whom reported on water permeability tests conducted on 
concretes with cement contents ranging from 100 to 500 kg/m
3
.When 10% silica fume 
was incorporated in the concrete with 100 kg/m
3 
cement, the permeability decreased from 
1.6 x 10
-7
 to 4.0 x 10
-10
 m/s. The permeability of concrete containing 100 kg/m
3 
cement 
and 20% silica fume was to be equivalent to that of a concrete containing 250 kg/m
3
 
Portland cement without any silica fume. It was also found by Gjørv (1983) that the water 
permeability of concretes containing cement contents of 400 to 500 kg/m
3





 m/s irrespective of silica fume addition. Thus in concretes with 
high cement contents, the effect of silica fume on permeability appears to be negligible. 
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2.15 Recycled Aggregates 
Some application using recycled aggregated in Singapore is for aircraft pavement 
construction i.e, paving of the base course with RCA for taxiway. The base course 
constructed of RCA with cementitious additives offered a more economical solution and 
exhibited better structural performance compared to the convectional granular base 
course. The Civil Aviation Authority of Singapore (CAAS) carried out a field trial in 
2007 on the used of RCA for aircraft pavement in Changi Airport. Base courses 
constructed of RCA have since been adopted for the taxiway. One of the benefits of using 
recycled materials in construction in Singapore is the green mark point allocations. Under 
the Green Mark Scheme, projects specifying the use of sustainable construction materials 
or environmental friendly products certified under the Singapore Green Label Scheme 
will be awarded points. The allocation of points is to recognize efforts in construction 
sustainability with respect to the type of materials used in the design and construction of 
buildings. 
For Coarse aggregates: 
Table 2.2: Reference test method for recycled concrete aggregate 
Type of test Reference test method  Sample (kg) 
Max lightweight material content BS 8500-2 Table 2 8 
Max fines content BS 812-103.1 10 
Max Chloride content  SS 73-17 15 
 
Recycled concrete aggregates (RCA) is derived mainly from the crushed concrete from 
demolition waste. 70% or more of demolition waste is made up of crushed concrete. A 
typical process to reclaim RCA is as follows: 
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1. Primary crushing with the help of jaw crushers 
2. Removal of ferrous metals with the help of magnetic separators 
3. Screening and removal of foreign materials such as bricks, plastics and asphalt. 
4. Secondary crushing and  
5. Screening of RCA into various sizes. 
As RCA is reclaimed from waste concrete made with natural aggregates, their strength 
can be expected to be better compared to manufactured aggregates. With the introduction 
of performance-based standards like SS EN 12620: Specification for Aggregates for 
Concrete, recycled and manufactured aggregates can be adopted for a range of structural 
and non-structural applications. Structural works are works in relation to those parts or 
elements of a building which resist forces and moments and includes foundations, beams, 
columns, shear cores, slabs, roof trusses, staircases, load-bearing walls and all other 
elements designed to resist forces and moments. 
 
Recycled concrete after processing produces both coarse and fine aggregates. The 
resulting coarse aggregate is suitable for use in concrete. The fine aggregate, however, 
generally contains a considerable amount of cement paste and mortar. This tends to 
increase the drying shrinkage and creep properties of the new concrete, as well as leading 
to problems with mix stability and strength according to Alexander and Mindess (2005).  
 
Levy and Helene (2004) concluded that concretes made with recycled aggregates (both 
coarse and fine) can have the same workability and compressive strengths as concretes 
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made with natural aggregates in the range of 20-40 MPa 28-day strengths. A 20% 
replacement of natural aggregates with recycled aggregates presented the same and 
sometimes better performance than the reference concrete in terms not only in strength 
but also in water absorption, total pore volume and carbonation. In general, however, it 
has been found that absorption is higher than for ordinary concretes, while relative 
density is lower. 
 
A possible source of construction materials can be tapped through the recycling of 
aggregates from demolition debris. The use of recycled aggregates in structural 
applications is limited due to the presence of adhering cementitious mortar on the 
individual recycled aggregate particles. The adhering mortar has been reported to result 
in higher porosity, higher water absorption, lower modulus of elasticity and weaker 
interfacial zone (ITZ) between the newly cast cementitious mortar and the recycled 
aggregates Ong (2008). 
 
The completion of SS En 12620: Specification for Aggregates for Concrete, has paved 
the way for the use of alternative substitutes to natural aggregates, and it is timely for 
industry professionals to adopt this new Singapore Standard in the design and 
construction of buildings. The main difference between RCA and natural aggregates is 
that RCA has a thin layer of remaining cement paste adhering to it after processing. 
Because of this, the water adsorption is 3-5 times higher than natural aggregates; 
otherwise the density and other physical properties are similar to natural aggregates. 
Therefore prior to their use in concrete production, the water adsorption performance of 
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RCA must first be determined in order to avoid large variations in the properties of 
hardened and fresh concrete, such as the concrete workability. 
 
The durability of concrete is generally determined by the cement type, the cement content 
and the water-cement ratio (w/c ratio). When using  RCA, the cement content is usually 
increased (some companies use silica fume or ground granulated blast furnance slag in 
addition to ordinary Portland Cement) thereby reducing the effective w/c. Special 
admixtures can also be employed to improve the strength development of the paste 
matrix. Durability of the concrete is therefore unlikely to be impaired. By adjusting the 
w/c, which has the dominant effect on the compressive strength, concrete strength is also 
not compromised. 
 
2.16 Recycled Aggregates classification 
Currently BS EN 206-2:2000, the European standard for the specification of concrete did 
not include any provisions for the use of RA in concrete, however the UK 
complementary standard to BS EN 206, BS 8500-2: 2006 permits the use of RA but 
imposed additional requirements to be satisfied to allow RA in concrete such as those 
related to the maximum masonry content and this is thought to be partly as a result of the 
way in which recycled aggregates are sub-divided in BS 8500-2:2006 into two separate 
classes. A specific type of recycled aggregates is recycled concrete aggregates (RCA), 
where the masonry content is limited to not more than 5%; RCA contains more than 95% 
of crushed concrete whereas RA contains 0-94% of crushed concrete. This classification 
meant that material containing 95% crushed concrete was permitted for use in a wide 
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sphere of concrete activity whilst a similar material containing 94% crushed concrete was 





































Ordinary Portland cement (OPC) is used in this research. The average chemical 
composition and physical properties of the OPC are tested according to SS 397 and 
complied with SS 26:2000 requirements. The average chemical composition and physical 
properties of the OPC are given in Table 3.1 The cement compounds are estimated based 
on Bogue‟s equation given in Table 1 of ASTM C 150-94. 
 
Table 3.1: Chemical composition and physical properties of ordinary Portland cement 







Cl- < 0.01 








Physical Properties  
Fineness (cm2/g) 3301 
Final setting (min) 203 
Consistency 26.0 
28-day strength of cement mortar prisms (MPa) 55.7 
 
3.12  Natural aggregates: 
The fine and coarse aggregates used for the concrete mixes are natural sand and crushed 
granite respectively. The aggregates complied with the requirements of ASTM C 33-03. 
The grading curve of the fine and coarse aggregates given in Table 3.2 complied with the 
requirements of ASTM C 33-07 and the specific gravity is 2.60 and 2.65 respectively. 
 
3.13  Lightweight aggregates: 
The lightweight aggregate used in this research is Leca, a type of manufactured expanded 
clay. L indicates Leca and the numeral indicates the bulk density of the LWA as provided 
by the manufacturer. The aggregate bulk density, oven dry particle density and specific 
density were determined according to the procedures given in ASTM C 29-97, ACI 
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211.2-98 and ASTM C 127-88 respectively. Leca was chosen for the research due to its 
availability at relatively low cost. The physical properties of Leca are shown in Table 3.3. 
Table 3.2: Grading of fine and normal weight coarse aggregates 
Size 
(mm) 
Fine Aggregate (% by mass)   Coarse Aggregate (% by mass) 
Cum passing Grading 
requirement 
Cum passing Grading 
requirement 
19   100.0 90 – 100 
9.5 100.0 100 24.0 20 – 55 
5.00 99.8 89 – 100 0.0 0 – 10 
2.36 98.6 60 – 100   
1.18 89.8 30 – 100   
0.60 66.1 15 – 100   
0.30 35.1 5 – 70   
0.15 7.9 0 – 15   
Pan 0.0 0 0.0 0 
 




















Absorption rate by mass of LWA (%) 
0.5 hr 1 hr 24 hr 48 hr 72 hr 1 wk 2 wk 
L600 49.11 970 600 60.74 8.4 9.6 12.7 15.4 16.5 16.7 16.7 
L700 38.55 1150 743 53.10 6.3 7.1 9.4 11.8 12.7 13.7 13.8 
L800 35.16 1270 806 47.12 6.2 8.0 14.5 15.8 17.0 17.2 17.2 
L900 32.19 1396 879 44.42 5.2 5.7 8.3 9.4 10.1 11.4 11.5 
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Grading for the lightweight aggregate is important as a smooth grading curve decreases 
the voids between the aggregate particles in a homogenous concrete mix. Since most of 
the voids will be filled by cement paste, the amount of cement required will thus be 
reduced, as cement is an expensive product, with reduced amount of cement used, the 
mix would be more economical. The sizes of the lightweight aggregates used are as 
follows: L600: 5 – 25mm, L700: 5 – 15mm; L800 – 5 – 15mm and L900: 5 – 10mm. 
 
3.14 Recycled aggregates: 
The properties of the recycled aggregates were examined using the following tests as 
specified in SS EN 12620:2008. Particle size distribution as shown in Figure 3.1 shows 
the grading of recycled concrete aggregate (RCA) used which is expressed by mass 
passing a specified set of sieves. Following SS EN 12620, all the RCA used complied 
with the general grading requirements specified in table 2 of the standard appropriate to 
their size designation and the coarse category. The samples used fulfilled the 
specifications of particle size distribution of 2.5mm and 40.0 mm aggregate as stated in 
the code. As shown in Figure 3.1, there is a higher percentage of RCA between 10- 
20mm as compared to normal aggregate (virgin granite). This could be due to the 
recycling process of the demolished concrete, such as the usage of crushers and because 
it is mechanically sorted by sizes, therefore the grading differs. From the code, the 
grading of the aggregate is within the upper and lower boundary requirements as stated in 








Figure 3.1: Particle size distribution curves for recycled concrete aggregate (RCA) and 
coarse aggregate (NA) 
 
Table 3.4: Summary of comparison of physical properties of RCA and NA 
Properties  RCA NA % difference 
Water absorption rate (%) 3.45 0.8 (3.45- 0.8)/0.8 = 3.31 
Particle density, SSD (kg/m3) 2380 2590 (2590 – 2380)/2590 = 8.11 
 
From Table 3.4, it shows that recycled concrete aggregate (RCA) has a water absorption 
that is 76.81% more than that of normal weight aggregate (NA). The average water 
absorption of RCA is about 3.45% whereas NA is 0.8%. From literature review, it was 
found that the particle density of CRCA is lower than NA and this is line with the 
experimental results. Particle density of CRCA is 8.82% lower than that of NA. From 
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what has been inferred in previous studies, RCA has a lower particle density (SSD) than 
that of NA because it contained adhering old mortar. 
 
3.2  Sample preparation 
3.2.1 Mix Proportions 
Concrete used in this research attempted to cover a range of lightweight aggregate 
concrete (LWAC) and recycled aggregate concrete (RCA). This is shown in Table 3.5. 
Concrete mixes with very low or high w/c ratios as well as concrete mixes with very low 
or high cement content were not investigated, since such mixes would largely 
impractical. Concrete mixes with too high w/c ratio would not be durable and if the mix 
has too high cement content, thermal cracking would be prevalent. 
 























  w/c ratio 
w/c = 0.3 500 705.9 150.0 581.6 
A2 w/c = 0.4 430 705.9 172.0 581.6 




L600 430 705.9 172.0 437.6 
B2 L700 430 705.9 172.0 503.2 
B3 L800 430 705.9 172.0 581.6 
B4 L900 430 705.9 172.0 615.4 
B5 NWA 430 705.9 172.0 1060.0 
C C1 L600  oven-dry 430 705.9 172.0 388.0 
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C2 pre-soak  1 h 430 705.9 172.0 425.2 
C3 24 h 430 705.9 172.0 437.6 




oven-dry 430 705.9 172.0 508.0 
C6 1 h 430 705.9 172.0 526.8 
C7 24 h 430 705.9 172.0 581.6 
C8 72 h 430 705.9 172.0 594.4 
D 
D1  5 – 10mm 430 705.9 172.0 444.0 
D2 L600 size 5 – 15mm 430 705.9 172.0 437.6 
D3  5 – 25mm 430 705.9 172.0 468.0 
D4 
L800 size 
5 – 10mm 430 705.9 172.0 628.0 
D5 5 – 15mm 430 705.9 172.0 581.6 
E 
E1 L600  
LWA vol 
40.0% 430 705.9 172.0 468.0 




30.0 % 430 965.9 172.0 436.2 
E4 40.0 % 430 705.9 172.0 581.6 




30.0 % 430 965.9 172.0 447.0 
E7 40.0 % 430 705.9 172.0 596.0 

































1 430 705.9 172 581.6 - 
F2 6 430 705.9 172 581.6 - 
F3 12 430 705.9 172 581.6 - 
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F4 30 430 705.9 172 581.6 - 
F5 40 430 705.9 172 581.6 - 
F6 
Temperature °C 
L800 with silica fume 
1 387 705.9 172 581.6 43 
F7 6 387 705.9 172 581.6 43 
F8 12 387 705.9 172 581.6 43 
F9 30 387 705.9 172 581.6 43 




1 430 705.9 172 1060 - 
F12 6 430 705.9 172 1060 - 
F13 12 430 705.9 172 1060 - 
F14 30 430 705.9 172 1060 - 
F15 40 430 705.9 172 1060 - 
F16 
Temperature °C 
NWC with silica fume 
1 387 705.9 172 1060 43 
F17 6 387 705.9 172 1060 43 
F18 12 387 705.9 172 1060 43 
F19 30 387 705.9 172 1060 43 




30MPa 430 705.9 172 581.6 - 
G2 0.1MPa 430 705.9 172 581.6 - 
G3 Pressure L800 
With silica fume 
30MPa 387 705.9 172 581.6 43 
G4 0.1MPa 387 705.9 172 581.6 43 
G5 
Pressure NWC 
30MPa 430 705.9 172 1060 - 
G6 0.1MPa 430 705.9 172 1060 - 
G7 Pressure NWC 
With silica fume 
30MPa 387 705.9 172 1060 43 





To satisfy the objectives in this study, there were altogether 8 series of mixes summarized 
in Table 3.5. The series were named A, B, C, D, E, F, G and H. Each of these series 
studied the effect of one parameter, and the 8 parameters under study were respectively 
w/c ratio, aggregate type, LWA initial moisture content, LWA size, LWA volume, 
temperature, pressure, effect of mineral admixture silica fume, effect of strength of 
recycled aggregate concrete. A total of 71 mixes were studied in this study. 
 
The proportioning of materials in each series was done using the volumetric method in 























0 0.30 750 225 562 843 - 
H2 20 0.30 750 225 562 674.4 168.6 
H3 
60 
0 0.38 600 225 655 900 - 
H4 20 0.38 600 225 655 720 180 
H5 
50 
0 0.30 500 150 705.6 581.6 - 
H6 20 0.30 500 150 705.9 465.3 116.3 
H7 50 0.30 500 150 705.9 290.8 290.8 
H8 100 0.30 500 150 705.9 - 581.6 
H9 
40 
0 0.40 430 172 705.9 581.6 - 
H10 50 0.40 430 172 705.9 290.8 290.8 
H11 100 0.40 430 172 705.9 - 581.6 
H12 
30 
0 0.40 350 172 705.9 581.6 - 
H13 50 0.40 350 172 705.9 290.8 290.8 
H14 100 0.40 350 172 705.9 - 581.6 
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the volume of water and cement were varied to investigate the effect of w/c ratio at w/c 
0.3, 0.4 to 0.5. For series B, C and D, the cement was fixed at 430 kg/m
3
, sand at 
705.9kg/m
3
 and water at 172kg/m
3
 so as to investigate the effect of coarse aggregate type, 
initial moisture content of coarse aggregate and lightweight aggregate size. In these 3 




 of concrete but 
the mass was varied due to the different particle densities of respective aggregate type, 
LWA of initial moisture content or size of LWA. For series E, the volume of cement and 




 respectively, while the LWA volume was 




















. For series F and G, the cement was fixed at 430 kg/m
3
, sand at 
705.9kg/m
3
 , water at 172kg/m
3
 and lightweight aggregate at 581.6kg/m
3
 ; whereas for 
the NWC granite was fixed at 1060kg/m
3
. When silica fume was used at 10% cement 
replacement level, the cement level is fixed at 387kg/m
3
 and silica fume at 43kg/m
3
. 
Silica fume at 10% replacement level was chosen as literature review indicated that this 
10% replacement level is most prevalent in research and it is hoped that this study‟s data 
can contribute to a more comprehensive study of silica fume used with normal and 
lightweight aggregate concrete under temperatures of 1, 6, 12, 30, 40ºC and pressures of 
0.1MPa and 30MPa. For series F, to test the effect of temperature on lightweight and 
normal weight concrete, the temperatures were varied at 1, 6, 12, 30, 40ºC to target the 
upper and lower boundaries of deep seawater temperature. To achieve a more uniform 
temperature interval, for the lower temperatures, more intervals were taken by halving 30 
ºC to 12 ºC instead of 15 ºC, and then to 6 ºC. As water freezes at 0 ºC, 1 ºC was taken as 
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the lowest temperature point. For subsea cold seawaters, it is assumed to be below 5ºC, 
whereas for warmer tropical seawater it is assumed to be around or slightly more than 
30ºC. 40ºC is taken in this study to be the maximum temperature boundary. For series G, 
lightweight aggregate concrete with and without silica fume was compared at 30MPa and 
atmospheric pressure of 0.1MPa; normal weight concrete with and without silica fume 
was also compared at 30MPa and atmospheric pressure of 0.1MPa. For series H, recycled 
granite aggregates were used and for this series the strength of concrete was targeted. The 
varying recycled concrete strength grades were 30MPa, 40MPa, 50MPa, 60MPa and 
80MPa. W/c ratios are the same for those with the same concrete grade strength. The 
amount of cement used increase with an increase in concrete grade. In the same grade 
strength mix, the percentage of NA and RCA varies accordingly to the percentage of 
replacement level require.  
For series A to G, superplasticiser was added where necessary to achieve a target slump 
of 150 + 20 mm for the concrete mixes. The superplasticier used was a retarding 
sulphonated naphthalene based product, containg no chlorides, conforming to the 
requirements of ASTM C 494-92 Type G. The dosage used was between 1.8% to 2.0% of 
cement content. For series H recycled aggregate concrete, the same superplasticier was 
used for both grade 60 and 80 concrete. The dosage used for grade 60 concrete was 
200ml per 100kg of cement and for grade 80 concrete was 300ml/100kg of cement. 
Unless otherwise specified or varied within the respective series, all the mixtures were 
proportioned with w/c ratio of 0.4, L800 with 24 hours pre-soaking in water. 28-day 
compressive strength and oven-dry density of the hardened concrete are given in      
Table 4.1.  
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3.2.2 Specimen preparation:  
A major concern in the preparation of LWAC specimens is in the initial moisture content 
of the LWA prior to mixing and casting. Currently there is no standard code or practice 
available for soaking the LWA prior to casting. This is because there are different types 
of lightweight aggregates and each of them has a different rate of water absorption. 
 
From literature review, The FIP Manual of Lightweight Aggregate Concrete (1983) 
mentioned that the water absorption of LWA is dependant on the surface texture of 
LWA, the structure and volume of the aggregate‟s internal pores, the initial moisture 
content in the LWA prior to mixing, the viscosity of the fresh mortar matrix and the time 
for compaction to be completed. Hence it was not possible to predict the amount of water 
absorbed by the LWA from the fresh mortar matrix or retained in the aggregate pores 
after placing and compaction. It is recommended that the water absorbed by LWA during 
setting is estimated by the water absorbed by LWA store in water for 30 minutes (FIP 
Manual, 1983).   
 
(EuroLightCon,1998) recommended the water absorbed by LWA in water for 1hour be 
used for estimation. In Germany, it is recommended to use twice the amount of water 
which will be absorbed by LWA immersed in water for 30 minutes, to estimate the water 
absorbed by LWA in the mixing process. 
 
In this research, the LWA were prepared with 4 different conditions, namely oven-dry 
condition, 1-hr soaking, 24-hr soaking and 72-hr soaking in water prior to mixing.It is 
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assumed that that the LWA will not absorb additional water from the fresh mortar matrix 
when conditioned with the 1-hr soaking, 24-hr soaking and 72-hr soaking in water. Hence 
no additional water was added during batching for LWA conditioned with soaking in 
water prior to mixing. For oven-dry LWA, the amount of water absorbed in 1 hour was 
pre-calculated and added during mixing to compensate for the water absorbed by the 
LWA during placing and setting. For recycled aggregate concrete, the aggregates were 
soaked for 24 hrs. It was found that the high absorption rate of recycled aggregate is the 
main barrier to their use in production as freshly mixed concrete quickly loses its initial 
workability even when superplazticiers are used. To prevent the excess absorption of 
mixing water into the recycled aggregate, it is necessary to pre-soak them. 
 
All the test specimens in this study were made and cured according to ASTM C 192/C 
192M-02. All mixes were prepared in a twin-shaft mixer (model SD 100). The mixes 
were then cast in molds, compacted on a vibrating table and moist cured in a fog room for 
28 days. The prisms needed to test for chloride ingress were moist cured in a fog room 
for 42 days as recommended by Otsuki et al (1992). The 100 x 100 x 400 mm prisms for 
the chloride diffusion test were taken from the fog room and tested without any pre-
conditioning. The specimens were assumed to be water saturated. The specimens for the 
water sorptivity test were required to be oven-dried prior to testing. Ho and Lewis (1987) 
conducted an experiment to establish equilibrium between the conditions within the test 
specimens and test environment without inducing micro-cracking by drying at 105
º
C and 
recommended a minimum of 21days ambient drying for sorptivity test. Also to avoid the 
problem of micro-cracking resulting from drying at elevated temperatures, RILEM CPC 
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11.2 (1994), recommended drying the specimens at a temperature of 40± 5ºC for 14 days 
in a ventilated oven. Accordingly, the drying procedure recommended in RILEM CPC 
11.2 (1994) was followed in this study for pre-conditioning the specimens for water 
sorptivity test and water immersion test.  
 
For the water permeability test, the 150mm diameter cylinders had their top and bottom 
surfaces ground prior to testing such that the specimens have smooth and parallel 
surfaces. The cylinders were then vacuum-saturated to ensure they were water-saturated 
before carrying out the water permeability test. This was to ensure there will be saturated 
water flow through the concrete specimens so the time required for establishing steady-
state condition required for Darcy‟s flow will be minimized. 
 
3.3  Experimental Procedures:  
3.3.1  Water Sorptivity test: 
The water sorptivity test procedure used in this study was similar to that given in RILEM 
CPC 11.2. The water sorptivity test was tested on both lightweight aggregate concrete 
and recycled aggregate concrete. For each mix two 150mm concrete cubes were moist 
cured for 28days, followed by drying at a temperature of 40± 5ºC for 14 days in a 
ventilated oven. Each concrete specimen was tested by placing it such that the water-level 
is 5± 1mm above the bottom surface of the specimen. Water absorbed was measured by 
weighing the specimen to the nearest 0.01grams on the electronic balance at time 
intervals of 4, 16, 36, 64, 100, 144, 196, 256, 1440, 2880, 4320min. During the test, the 
bottom surface of the specimen was wiped with a damped cloth before its weight was 
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recorded to ensure a consistent moisture condition on the surface. Weighing was carried 
out as soon as possible to minimize water evaporation from the specimen. Figure 3.2 
shows the test set-up and Figure 3.3 shows the weighing machine used for water 
sorptivity testing. The water sorptivity coefficient Sw, which is often expressed in 
mm/min 
0.5
 for concrete may be determined from the slope of linear relationship as 
expressed as (Fagerlund, 1982, Ho and Lewis, 1987, Hall, 1989). 
 
i = A‟ + Sw t                           (3.1) 
where Sw = coefficient of water sorptivity mm/min 
0.5
 ,A‟ = constant (mm3/mm2), t = time 


















           (3.2) 
where ∆W = increase in the weight of the specimen (g), A = cross-sectional area, 
calculated as 22500mm
2
 for 150mm cubes, Wt = weight of the specimen after a test 
duration t (g), Wo = initial weight of the specimen (g), ρw = density of water = 
1000kg/m
3
. A‟ allows for the small intercept frequently encountered and arising from the 








Figure 3.2: Water sorptivity test set-up. 
 
 




3.3.2 Chloride Diffusion test 
Concrete prisms, 100 x 100 x 400 mm were used to study the ingress of Cl
-
 in LWAC 
and recycled aggregate concrete (RCA) under a Cl
-
 concentration gradient over 12 weeks. 
The specimens were cast and moist cured for 42 days and then soaked in NaCL solution 
with Cl
- 
concentration of 19380ppm (ASTM D1141-90). The solution was changed every 
week to maintain its concentration. The temperature of the solution remained in the range 
of 26.5ºC ± 2.0 ºC throughout the test period of 12 weeks. A hygrometer was used to 
monitor the Cl
- 
concentration and temperature of the solution.  
 
Two concrete prisms were cast for each mix for the chloride diffusion test. The 















 day following the method of (Otsuki et.al, 1992). A 30-50mm 
slice of each specimen was spilt and the split surface was sprayed with 0.1M silver nitrate 
(AgNO3) solution to indicate the depth of chloride penetration (Otsuki et.al, 1992). At 
areas where the concentration of free chloride ions was above 0.15% by weight of 
cement, white crystals of silver chloride (AgCl) will precipitate and result in colouration 
(Otsuki et.al, 1992). The rest of the AgNO3 will change to brown color due to the 





distance from the prism surface to color change boundary indicates the depth of chloride 
penetration. The average depth of penetration was determined by measuring at three 
equidistant positions of 25 mm apart on the left and right sides of the sprayed surface of 
each slice. The top and bottom sides of the prisms slices were not taken into 
consideration as there may be bleeding of concrete effects in those areas. Therefore six 
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measurements were taken for each slice and a total of twelve readings were taken per mix 
using a vernier calliper. Results are from the average of twelve readings.  The average 
depth of silver chloride formation, which corresponded to a Cl
- 
concentration of at least 
0.15% was reported as the depth of chloride penetration in this thesis. To test for 
temperatures 1ºC, 6 ºC and 12 ºC, a cooler was used. 30 ºC is considered as ambient 
water temperature in this study though the exact room water temperature is around     
28.5 ºC.  For the 40 ºC temperature range, a heater was used to heat the water up to 40 ºC. 
A thermometer was used to check that the water temperature remained constant at the 
required temperature. Figure 3.4 shows the splicing machine used for the chloride 
diffusion test, Figure 3.5 shows the test specimens being submerged in sodium chloride 
19380 ppm solution, Figure 3.6 shows the cooler used to test for cooler temperatures of 
1ºC, 6 ºC and 12 ºC. As there was limited space in the cooler, some storage molds had to 
be specially fabricated to store the test specimens for the same temperature range. Figure 
3.7 shows the 28-day spliced chloride specimen after being sprayed with silver nitrate 
solution and Figure 3.8 shows the 56-day chloride ingress penetration depth for normal 
weight concrete and L800 lightweight aggregate concrete test specimens.  
 
The calculation for the chloride diffusion in concrete in this study is based on the 
equation by (Goto et al, 1979). Based on Fick‟s Second Law, Goto et al had proposed the 
equation below to relate the depth of penetration (x) of free chloride ions to the time (t) as 
x = 4 tDc  + a‟                                                                           (3.3)      
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where x is the depth of Cl
-
 penetration (m) obtained using the AgNo3 spray method, Dc 




/week), t the exposure period (sec or week), 
and a‟ the empirical constant (m). The experimental measurements for Cl- penetration 
depth were fitted to the above equation by plotting against the square root of test duration 



















Figure 3.5: Test specimens being submerged in sodium chloride 19380 ppm solution. 
 
 











Figure 3.8: 56-day chloride ingress penetration depth for normal weight concrete and 
L800 lightweight aggregate concrete test specimens.  
 
3.3.3 Water Permeability test 
The water permeability test was tested for lightweight aggregate concrete and normal 
weight concrete. The concrete mixes were cast into specially fabricated cylindrical steel 
 84 
molds to produce cylindrical specimens with a height of 300mm, a diameter of 150mm 
and a hollow of diameter 30m at the centre of the cylinder. The specimens were cast and 
moist cured for at least 28days before carrying out the water permeability test, since there 
will be minimal change in the coefficient of permeability after 28 days (Neville, 1995). 
Each concrete specimen is vacuum saturated prior to testing by subjecting it to a vacuum 
of approximately 760mm Hg for 3 hours, submerged in de-areated water under vacuum 
for a further hour and then left submerged at atmospheric pressure for 1 day. This 
procedure is similar to the sample preparation requirements of ASTM C 1202-97.  
 
The permeability test set-up for each specimen consisted of a specially developed 
permeability cell, a pressure piston, dead weight, a displacement transducer, and a data 
logger. A high pressure refilling pump was used to fill each permeability test cell and 
each pressure piston by delivering de-aired water at a required pressure. This pump also 
ensured that no air bubbles were delivered into the permeability test cell or pressure 
piston together with the de-aired water. In addition, each permeability test cell and 
pressure piston was fitted with a de-airing valve which ensured the absence of air 
bubbles. Any trapped air bubbles will act as a tension field resisting the permeation of 
pressurized water through concrete specimens, hence a small percentage of air bubbles 
trapped in the pressure system may affect the permeability readings significantly. After 
the pressure piston and permeability cell had been filled with de-aired water, a constant 
pressure of 4MPa, was applied using dead weight and inflow of de-aired water was 
recorded at half-hourly intervals using a displacement transducer attached to the pressure 












Water at 4 MPa 
De-airing valve 
 
for very low permeability concrete to be tested. The pressure can go up to 30MPa. A 











Figure 3.9: Schematic presentation of water permeability test. 
 
Before evaluating the permeability of concrete specimens in the water permeability test, 
the porosity of each concrete specimen was also measure. The weight of each concrete 
specimen, W1 was measured after the water permeability test when the specimen was 
water saturated. Following that the specimen was oven-dried at 105 ºC for 3 days and the 
weight of the specimen W2 was measured. The porosity of each concrete specimen was 











 x 100%        (3.4) 
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where a = porosity (%), W1 = weight of water-saturated specimen (kg),  W2 = weight of 
oven-dried specimen (kg), ρw = density of water = 1000kg/m
3 
, h = height of specimen 
(m), ro = outer radius which is 0.075m for the specimens used in this study and ri = inner 
radius which is 0.0175m for the specimens used in this study. The flow of water through 






           (3.5) 
Where Q = flow rate (m
3
/s), A = cross sectional area of flow (m
2
), k = coefficient of 
water permeability (m/s), ∆H = drop in hydraulic head across the sample (m) and            
L = thickness of specimen (m). The above equation is applicable only for linear flow of 
incompressible fluids where the cross-sectional area of flow is constant. In this study, a 
radial flow through the concrete specimen, where the cross-sectional area of flow varies, 
was used to evaluate the permeability of each concrete specimen. The calculation to 
evaluate the water permeability coefficient of each concrete specimen is given below:  












          (3.6) 
 where ρw = density of water = 1000kg/m
3 
, h = height of specimen (m), ro = outer radius 
which is 0.075m for the specimens used in this study, ri = inner radius which is 0.0175m 
for the specimens used in this study and ∆P = change in pressure across the specimen 
(N/m
2
). In addition the intrinsic permeability of each concrete specimen can be calculated 
using the equation below. 











         (3.7) 
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Where k‟ = intrinsic permeability (m2) and μ = viscosity of fluid, which is 1.003 x 10-3 
Ns/m
2
 for water in this study. There is a negative sign in both the equations above 
because the flow of water Q occurred with a drop in pressure, hence ∆P is negative in 
both equations. 
 
3.3.4  Chloride ingress test using a high pressure chamber 
The chloride ingress test using a high pressure chamber was tested for lightweight 
aggregate concrete and normal weight concrete. The hyperbaric chloride test was 
conducted using a high pressure chamber that subjected eight 100 x 100 x 300mm prisms 
to a high pressure of 30MPa for 28days. This test was conducted to observe the behavior 
of offshore concrete structures built deep underwater. The interior of the hyperbaric 
chamber was filled with ambient temperature water. Saltwater was not used as the 
chloride ions would corrode the metal chamber. To prevent corrosion, a method was 
devised. The specimens were each individually sealed in a durable plastic bag containing 
NaCl solution (saltwater) at concentration of 19380ppm and then submerged and tied to 
the interior of the hyperbaric chamber for 28 days. The pressure inside the plastic bag is 
the same as the pressure of the chamber‟s water surrounding it. Figure 3.10 shows a 
typical test specimen tied in a plastic bag containing NaCl solution, Figure 3.11 shows 
the test specimens securely tied up, Figure 3.12 shows the interior of the chamber 
whereby the test specimens in plastic bags are tied to the steel cage inside the metal 
chamber and Figure 3.13 shows the lid of the 30MPa hyperbaric test chamber. The many 
large screws on the lid have to be securely fastened so as to ensure safety and to maintain 
a pressure of 30MPa throughout the 28-day test. Figure 3.14 shows the entire hyperbaric 
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chamber, a pump is used to maintain a constant pressure of 30MPa. The specimens are 
kept submerged in the chamber for 28days and then spliced and tested for chloride 
penetration as according to the chloride diffusion testing described in chapter 3.3.2.  
 
 




Figure 3.11: Test specimens securely tied up. 
 
 
Figure 3.12: Interior of Hyperbaric test chamber. 
 
 







Figure 3.14: Hyperbaric Chamber. 
 
3.3.5 Carbonation test (RILEM CPC18) 
The carbonation test was tested for recycled aggregate concrete only and using 2 
specimens per mix. Carbon dioxide (CO2) which penetrate into the concrete can react 
with the alkaline components (CaOH)2 in the cement paste. Using phenolphthalein, an 
indicator which turns non-carbonated concrete red and carbonated one colourless, the 
carbonation penetration depth is observed. Before exposing the 100mm x 100mm x 40 
0mm prisms to CO2 in the carbonation chamber, the storage conditions of concrete is 
recommended to have the following conditions: relative humidity of 65%, CO2 
concentration of 0.03% and temperature of 20°C. The fog room storage conditions meet 
the above criteria except the temperature is slightly above 20°C. The concrete prisms are 
placed in the carbonation chamber for 28, 56 and 90 days after first exposure to CO2. 
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Conditions in the chamber are as follows: CO2 concentration of 7%, humidity at 65% and 
temperature of 30°C. To measure the depth of carbonation, a 50mm slice of concrete is 
spliced off during each test for testing. 
3.3.5 Chloride Profile Testing using Volhard Titration 
The British Standard method for determination of chlorides in concrete (BS 1881: Part 
124, 1988), requires the powdered sample to be boiled in  nitric acid, cooled and filtered. 
Silver nitrate solution is added and the prepared solution is titrated with thiocyanate 
solution until a permanent, red coloured end-point appears. This method is considered 
within UK as the reference method for determining „total‟ chloride in hardened concrete 
although Dhir et al (1990) have reported that only 90% of the total chlorides are actually 
















4. Results and Discussion 
4.1. Experimental results 
 Water sorptivity test and chloride diffusion test were carried out on all the mixtures 
given in Table 3.4, while water permeability test was carried out on the mixtures in Series 
A, B, C and D. The values of water sorptivity coefficient Sw, Cl
-
 diffusion coefficient Dc, 
3-mth Cl
-
 penetration depth, permeability coefficient k and intrinsic permeability k’, 
porosity, oven-dry density of lightweight aggregate concrete and compressive strength of 
lightweight aggregate concrete are given in Table 4.1. It was noted that for water 
sorptivity test, capillary absorption was very much influenced by moisture content of the 
concrete specimens at testing (Neville, 1995, Wong, 1998, RILEM TC 116-PCD, 1999, 
Kolias and Georgiou, 2005). It was therefore very important to precondition the 
specimens before testing by drying the specimens at slightly elevated temperatures (  50 
o
C) to avoid internal micro-cracking, followed by keeping the specimens under the 
appropriate moisture conditions for a sufficient time interval to allow for moisture 
redistribution. For Series G, the maximum chloride penetration depth and chloride 








Table 4.1: Summary of penetrability properties and compressive strength. 


































0.3 0.011 0.48 
7.3 1.8 
1.9 13.4 1892 76.5 
A2 
w/c = 
0.4 0.028 1.71 
13.9 5.9 
6.0 19.8 1779 53.8 
A3 
w/c = 
0.5 0.044 3.40 
20.3 15.2 





L600 0.032 1.73 14.3 6.2 6.4 19.9 1658 39.1 
B2 L700 0.031 1.71 14.0 6.1 6.3 20.5 1766 49.0 
B3 L800 0.028 1.71 13.9 5.9 6.0 19.8 1779 53.8 
B4 L900 0.015 0.97 10.9 5.8 5.9 15.3 1876 69.8 







dry 0.033 1.63 
13.8    
1616 36.8 
C2 1 h 0.030 1.23 12.1 14.2 14.6 28.6 1682 43.4 
C3 24 h 0.032 1.73 14.3    1658 39.1 






dry 0.023 1.15 
11.9  
  1756 70.5 
C6 1 h 0.025 1.15 12.0    1799 56.8 
C7 24 h 0.028 1.71 13.9    1779 53.8 





10mm 0.024 1.05 




15mm 0.032 1.73 
14.3 6.2 6.4 19.9 1658 39.1 
D3 
5 – 
25mm 0.039 2.64 





10mm 0.015 0.96 
10.5 5.4 5.5 14.5 1853 66.4 
D5 
5 – 
15mm 0.028 1.71 
13.9 5.9 6.0 19.8 1779 53.8 
E 
E1 L600  
LWA 
vol 
40.0%  1.86 10.4    1767 29.5 
E2 50.0% 
 1.64 




30.0 %  1.76 14.9    1859 51.9 
E4 40.0 %  1.71 13.9    1779 53.8 




30.0 % 0.032      2077 46.3 
E7 40.0 % 0.030      2046 53.8 



















































1 0.038 1.17 6.1 1854 55.1 
F2 6 - 1.23 8.2 1765 52.3 
F3 12 - 1.48 11.9 1772 51.0 
F4 30 0.032 1.80 14.2 1663 53.2 
F5 40 - 3.06 15.8 1751 55.7 
F6 
Temperature °C 
L800 with silica 
fume 
1 0.035 1.14 5.7 1768 56.2 
F7 6 -- 1.20 7.5 1745 53.7 
F8 12 - 1.36 11.1 1769 54.6 
F9 30 0.030 1.72 13.4 1805 50.2 




1 0.010 1.11 5.8 2216 70.1 
F12 6 - 1.20 7.8 2432 71.3 
F13 12 - 1.42 11.4 2465 68.2 
F14 30 0.014 1.84 14.5 2143 69.7 





1 0.008 1.06 5.5 2345 72.5 
F17 6 - 1.17 7.1 2412 70.4 
F18 12 - 1.37 10.5 2210 71.9 
F19 30 0.011 1.77 14.1 2203 68.5 




30MPa - 1.82 14.7 1803 55.5 





Table 4.2: Compressive strength of recycled aggregate concrete. 
 
H 
Compressive strength Recycled aggregate  
Grade Type of test % replacement   


















40 7 day 0 45.82 
G3 Pressure L800 
With silica fume 
30MPa - 1.78 13.9 1786 52.1 
G4 0.1MPa - 1.72 13.4 1774 50.8 
G5 
Pressure NWC 
30MPa - 1.90 15.1 2220 70.4 
G6 0.1MPa - 1.84 14.5 2312 68.6 
G7 Pressure NWC 
With silica fume 
30MPa - 1.80 14.8 2411 69.4 





































































































Table 4.3: Summary of recycled concrete aggregate penetrability properties. 
 
   
    


















     
 28days 56days 90days 
30 
0 1.2134 0.092 0.1487 0.021 5.5 12.0 15.0 
50 1.3486 0.114 0.3459 0.046 5.0 11.4 13.5 
100 1.4911 0.139 1.3516 0.062 5.3 11.2 13.4 
40 
0 0.9525 0.057 1.0463 0.013 4.5 8.0 10.4 
50 1.0678 0.071 0.9646 0.034 4.1 7.1 9.2 
100 1.2033 0.090 1.9884 0.050 4.2 7.0 8.9 
50 
0 1.0867 0.074 1.387 0.011 3.8 7.5 10.0 
20 1.566 0.153 0.9418 0.019 3.6 6.9 9.4 
50 1.5934 0.159 1.1333 0.028 3.5 6.5 9.0 
100 1.6504 0.170 1.3231 0.036 3.5 6.3 8.8 
 
60 
0 1.1112 0.077 0.805 0.011 2.8 6.1 8.5 
 20 1.4716 0.135 0.5028 0.025 2.4 5.7 7.3 
 
80 
0 1.1577 0.084 0.4647 0.010 2 4.8 6.2 
 20 0.9607 0.058 0.5768 0.020 1.8 4.1 5.3 
 101 






































































































































30 0 0.9921 
 50 0.9856 
 100 0.9874 
40 0 0.9685 
 50 0.9871 
 100 0.9658 
50 0 0.9985 
 20 0.9968 
 50 0.9742 
 100 0.9683 
60 0 0.9712 
 20 0.9683 
80 0 0.9968 








4.2   Discussion 
Results in this study for the chloride diffusion coefficient are of a slightly smaller 
magnitude (x 10
-12
) instead of (x 10
-10) as compared to other researchers‟ data; however 
the sorptivity coefficient is of the same magnitude as the other researchers‟ data shown in 
Table 4.4 
 
Table 4.5: Summary of Penetrability of concrete from literature review. 








































- 8.0 x 10
-10 
 
   






- 5.6 x 10
-10 
 












   












































  9.5-29.0 
11.5-27.0 
 
9.5 ~ 29.0 
11.5 ~ 27.0 




  12.5-37.0 
12.5-37.0 
12.5 ~ 37.0 
 
 
4.2.1.  Effect of w/c ratio  
For the effect of water-cement ratio of lightweight aggregate concrete investigated in 
Series A, experimental results showed that the resistance of LWAC to penetration by 
water and free chloride ions was largely dependent on w/c ratio. Sw, Dc and k increased 
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with increasing w/c ratio for the range of w/c ratio investigated in this research. An 
increase in w/c ratio from 0.3 to 0.5 resulted in an increase in both Dc and k by a 
magnitude of approximately an order. Hydration was more complete with lower w/c 
ratio, and the LWAC will be less porous and denser. Hence, LWAC of lower w/c ratio 
had better durability properties due to reduced porosity and a discontinuity of the 
capillary pores. It was observed that the penetrability of LWAC was largely dependent on 
w/c ratio. This was consistent with the findings of Wei et al (1996) who reported that the 
ingress of chloride in concrete decreased with water/binder ratio, and Kuhail and Shihada 
(2001) who reported that variations in w/c ratio had similar effects on the chloride ingress 
into concrete. 
 
Variations in w/c ratio had direct effects on the pore structure of the concrete and hence 
affect the sorption and diffusion of water and free chloride ions into concrete directly. 
Hydration was more complete with lower w/c ratio, hence the concrete was less porous 
and denser. This resulted in induced porosity and a discontinuity of the capillary pores. 
For the range of w/c ratio from 0.3 to 0.5, the variation in water sorptivity coefficient 
assumed in almost linear relationship with variation in w/c ratio (Lim et al, 2010 and Lim 




































































































4.2.2.  Effect of density.  
For the effect of LWA type on the penetrability of LWAC investigated in Series B, it was 
observed that Sw, Dc and k decreased with an increase in LWA density. This was because 
with increased density, the lightweight aggregate as well as normal weight aggregate 
(granite) become less porous and thus have increased penetration resistance to chloride 
ions and water. The density of LWA affected the penetrability of LWAC significantly. 
Sw, Dc and k for NWC were of the same order as LWAC of the same mix proportions. 
This indicates that for high-strength concrete, LWAC and NWC have similar resistance 
against penetration by water and Cl
-
. Previous researches (Zhang and Gjorv, 1989; Zhang 
and Gjorv, 1990) has shown that LWAC has a denser interfacial zone and decreased 
frequency of microcracking when compared to NWC due to less disparity in the modulus 
of elasticity between the aggregate and the mortar matrix, resulting in improved 
permeability in LWAC compared with NWC for lower-strength concrete. However in 
high-strength concrete, the mortar matrix and interfacial zone of NWC were improved 
significantly due to reduction of elastic mismatch between the coarse aggregate and the 
mortar matrix, hence reducing the frequency of microcracking. This allowed the coarse 
aggregate to become an effective barrier in NWC, but in LWAC the LWA are very 
porous and does not provide resistance against water flow in the same way. Hence 
improved permeability in LWAC compared to NWC was not observed, but the values of 
permeability evaluated were of the same order.  
 
Comparing the various coefficients among the LWAC in Series B, the effect of LWA 
types was more pronounced on sorption of water than on ingress of chloride by diffusion 
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or permeation of water through LWAC. The dense outer layer of the LWA inhibits the 
penetration of Cl
-
 through the LWA, hence the properties of LWA did not have a 
significant effect on Dc. In the case of permeation of water through LWAC, the 
specimens were water-saturated in water permeability test, and the LWA were much 
more porous than the mortar matrix. Hence it was the quality of the matrix that 
determined the permeability of the specimen, and the effect of the LWA used was only 
marginal. On the other hand for sorption of water into LWAC, the specimens were oven-
dried at 40 
o
C for 14 days prior to the sorptivity test, hence the LWAC was not saturated 
with water. The pores in the LWA served as voids to be filled with water as water is 
absorbed into LWAC by capillary absorption. As a result the effect of the properties of 
LWA, particularly the porosity of the LWA, was more pronounced on the sorption of 
water into LWAC, than on ingress of chloride by diffusion or permeation of water 
through the LWAC. The density of LWA affect the penetrability of LWAC. 
 
4.2.3. Effect of initial moisture content in LWA  
The initial moisture content of LWA can affect the properties of LWAC in many ways. 
Moisture exchange can occur between the partially saturated LWA and the still plastic 
mortar phase, hence reducing the tendency of fresh LWAC to develop thin films of water 
at the interface between the aggregates and the cement paste. This local absorption of 
water into the individual LWA particles from the cement paste may create an improved 
microstructure in the interfacial zone between the aggregate and cement paste in the form 
of decreased porosity, thus affecting both the mechanical and penetrability properties of 
the LWAC beneficially. However, if the LWA is too dry, high absorption of water from 
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the fresh mortar will result in drastic slump loss, and may also create problems to the 
control of concrete density and shrinkage induced cracking. On the other hand, adverse 
effects on the properties of LWAC may also exist due to presence of water in LWA. High 
water content in the pores of the LWA can increase the shrinkage and creep of the 
LWAC as well as induce internal stress caused by non-uniform shrinkage during drying, 
hence increasing the tendency of micro-cracking and danger of surface cracking. These 
will in turn be detrimental to the mechanical and penetrability properties of the LWAC. 
However, presence of water in the LWA may provide the necessary moisture during 
curing, resulting in better curing of the LWAC. 
 
In this research, from series C it was observed that variations in the initial moisture 
content of LWA affected LWAC of L600 and L800 differently. For LWAC of L600, the 
highest 28-day compressive strength of 43.39 MPa occurred at an initial moisture content 
of 9.6%, which corresponded to 1 hr pre-soaking of L600 in water prior to casting. The 
values for Sw, Dc and Cl
-
 penetration depths were also lowest at this initial moisture 
content. For LWAC of L800, the highest 28-day compressive strength of 70.50 MPa 
occurred at an initial moisture content of 0%, which corresponded to oven-dry L800. The 
values for Sw, Dc and Cl
-
 penetration depths were also lowest for LWAC cast with oven-
dry L800.The effect of initial moisture content of LWA on LWAC was not obvious. This 
suggest that for different mix proportion of the LWAC and different types of LWA used, 
the initial moisture content of the LWA at which the properties of the LWAC are 
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4.2.4.  Effect of LWA size. 
From the experimental results of Series D in this research project, it was evident that 
LWA size had considerable effect on the mechanical and penetrability properties of 
LWAC, and the effects are more pronounced for L800 than for L600. The strength and 
penetrability properties of LWAC improved considerably with a decrease in LWA size. 
This was because with a smaller aggregate size, there was an increase in total surface area 
for the lightweight aggregates. With smaller aggregates, there was a smaller interfacial 
zone which was good in resisting chloride and water ingress (Lim et al, 2010 and Lim et 
al, 2009). For LWAC made with L600, decreasing the maximum LWA size from 25 to 
10 mm resulted in a decrease in Sw by a factor of about 1.6, a decrease in Dc by a factor 
of about 2.5, and a decrease in k by a factor of about 2.5. For LWAC made with L800, 
decreasing the maximum LWA size from 25 to 15 mm resulted in a decrease in Sw by a 
factor of about 1.8, a decrease in Dc by a factor of about 1.8, and a decrease in k by a 
factor of about 1.1. It was observed that the strength and penetrability properties of 
LWAC improved considerably with a decrease in LWA size. This was in contrast with 
the research findings of (Gjorv et al, 1994)
 
who reported that maximum aggregate size 
had minor effects on chloride diffusivity. From the experimental results of this project, it 
was evident that LWA size had a considerable effect on the penetrability properties of 
LWAC. This was because for high-strength LWAC, the characteristics of the LWA were 
more important for the concrete properties than for low-medium strength LWAC (Zhang 
and Gjorv, 1991a). 
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It may be suggested that there is size range of LWA in which the properties of LWAC 
with regard to resistance against water and free chloride ions will be optimal. Further 
research is required to determine this optimal size range, and to investigate of optimal 
size range differs for different LWA types. Based on the experimental results in research, 
it may be concluded that the LWA size range of 1.5 - 4mm is preferred over 5 - 25mm, as 
the LWAC of smaller LWA size had better properties in all aspects of strength and 
resistance against water sorption and chloride ingress when compared to a bigger LWA. 
 
4.2.5.  Effect of LWA volume. 
It is understood that as cement paste volume increases, LWA volume decreases hand in 
hand. Series E was added to test if with increased LWA, the Sw and Dc coefficients 
decreases.  Variation in LWA volume had minor effect on the 28-day compressive 
strength and the Dc of the LWAC, but had significant effect on the values for Sw. An 
increase in the LWA from 30% to 50% by volume resulted in a decrease in the value of 
Sw by a factor of about 1.75. On the other hand, though the effect of LWA volume on 
chloride ingress was minor, the same increase in the LWA from 30% to 50% by volume 
resulted in a decrease in Dc and Cl
-
 penetration depths. 
 For the water sorptivity test in which capillary action is the transport mechanism 
under study, the value of Sw decreased with an increase in LWA volume. In unsaturated 
LWAC, the LWA and cement paste both provides the porosity and pore structure for the 
absorption of water by sorption effects. (Swamy and Lambert, 1981) did a microscopy 
study on LWA of expanded clay, and observed that most of the pores were 
interconnected and evenly distributed throughout the aggregate particles. It can be 
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suggested the cement paste provides a greater capacity for absorption of water than the 
LWA. 
 
For the chloride diffusion test in which diffusion is the transport mechanism under study, 
the value of Dc and Cl
-
 penetration depths decreased with an increase in LWA volume. 
This can firstly be attributed to the dense outer layer of the LWA which inhibits the 
passage of free chloride ions through the aggregate particles (Chia and Zhang, 2002, 
Zhang and Gjørv, 1991) hence diffusion of Cl
-
 into the concrete had to follow a path of 
interconnected pores around the LWA. Secondly, the interfacial zone between the LWA 
and the mortar matrix is very dense and homogenous as had been reported in many 
previous researches (Holm et al, 1984, Zhang and Gjørv, 1989, Zhang and Gjørv, 1990) 
and as such chloride ingress occurred more easily in the bulk mortar matrix than through 
the interfacial zone between the LWA and the mortar matrix. As a result, with an increase 
in the volume of LWA, there will be an increase in the inhibition of diffusion of Cl
-
 into 
LWAC in the form of dense outer layer of the LWA as well as high quality interfacial 
zone, hence a decrease in diffusivity and the penetration depths of free chloride ions. 
 
4.2.6  Effect of lightweight aggregate type 
Research has shown that LWAC has improved interfacial zone, a more unified structure 
and a reduction of internal stresses due to volume changes in the initial unloaded state 
when compared to NWC. The reason for a denser interfacial zone and lack of bond 
cracks may be due to the similarity of elastic stiffness of the LWA and the remaining 
mortar fraction. The compatibility of moduli of elasticity of the LWA and the mortar 
 115 
matrix meant that little microcracking develops under load or in consequence of 
temperature variation. As a result, easy flow paths around the aggregates which occurred 
frequently in NWA were absent in LWA due to improved interfacial zone. 
 
It was also noted that the free chloride ions did not penetrate LWA easily as indicated by 
the lack of white silver chloride deposits in the split LWA. This could be due to the dense 
outer layer of LWA (Zhang and Gjorv, 1991a) which inhibited the penetration of Cl
-
 
through the LWA. Comparing the various coefficients, it was observed that Sw and Dc 
decreased with an increase in LWA density.  
 
The effect of LWA types was more pronounced on sorption of water than on ingress of 
chloride by diffusion or permeation of water through LWAC. The dense outer layer of 
the LWA inhibited the penetration of Cl
-
 through LWA, hence the properties of the LWA 
did not have a significant effect on Dc .In the case of sorption  of water into LWAC, the 
specimens were oven-dried at 40ºC for 14days prior to the sorptivity test, hence the 
LWAC was not saturated with water. The pores in the LWA could serve as voids to be 
filled with water as water is absorbed into LWAC by capillary absorption. As a result the 
effect of the properties of LWA, particularly the porosity of the LWA, was more 






4.2.7  Effect of temperature 
For the effect of temperature on the penetrability of lightweight aggregate and normal 
weight concrete investigated in Series F, it was observed that Sw, Dc increased with 
increasing temperature. This is to say diffusivity increases with temperature. This is 
because diffusion is a type of thermodynamic movement. According to the collision 
theory, the proportion of particles colliding with at least the Energy ED follows the 
Boltzmann distribution i,e exp(-ED /RT). The results of Sw, Dc agrees with what Roberts 
(1962) and Larsson (1995) found out which was that the amount of bound chloride 
decreases as temperature increases. Indeed, for a physical adsorption, an elevated 
temperature increases the thermal vibration of absorbates (chloride ions), resulting in 
more unbound chloride ions. For a chemical reaction, although an elevated temperature 
increases the rate of reaction, it may also increase the solubility of the reaction products 
(Friedel‟s salt), resulting in more reactants (chloride ions) free at the equilibrium. 
Therefore, both physical adsorption and chemical reaction tend to decrease chloride 
binding at elevated temperature. This temperature effect may be expressed by the 
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Where fb(T) and Eb is the temperature-dependent coefficient and the activation energy for 
chloride binding respectively.  Collepardi et al (1972) and Page et al (1981) wanting to 
show the influence of temperature on chloride diffusivity instead expressed the Arrhenius 














       (4.2) 
where FD(T) and ED is  the temperature-dependent coefficient and the activation energy 
for chloride diffusivity, respectively.  
 
From this study of temperatures varying from 1°C to 40°C, the temperatures of 1°C, 6°C,    
12 °C showed a smaller Dc  increase by a factor of 1.4  as compared to between 30°C and 
40°C, the increase was by a factor of 1.9. This experimental finding is in agreement with 
Wee et al (1996) who concluded that under tropical conditions, the rate of chloride 
ingress was faster than that under temperate conditions. It is concluded for this study that 
the effect of temperature is not so significant at lower temperatures (< 20°C) as compared 
to higher temperatures (>30°C) for chloride ingress into concrete. This is line with Bijen 
and van der Wegen (1994) who did a study of concrete under 1000m of seawater, the 
penetration of chloride ions increased only slightly with an increase in temperature from 
5 ºC to 20 ºC. 
 
For the temperature effects between normal weight concrete and lightweight aggregate 
concrete, NWC showed a better resistance to chloride and water ingress as compared to 
LWAC, however the results were not very significantly different in this study. On the 
other hand, Haque and Al-Khaiat (1999) noted that the water penetrability of total LWC 
was found to be higher than the NWC on exposure to hot marine environment. Basson 
(1992) noted that chemical reaction rates are temperature dependent and generally double 
for every 10 degree rise in the Kelvin temperature. Warm waters therefore have higher 
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corrosion rates than cold waters. Figure 4.5 shows the chloride penetration depth for 
lightweight aggregate concrete L800, lightweight aggregate concrete with silica fume 
(SF), normal weight concrete and normal weight concrete with silica fume (SF) at 
temperatures 1°C, 6°C, 12°C, 30°C and 40°C. 
 
 
Figure 4.5: Chloride penetration depth versus temperature for Series F. 
 
4.2.8   Effect of pressure 
For the effect of pressure on the penetrability of LWAC investigated in Series G, it was 
observed that the Dc values between atmospheric and high pressure (30MPa) showed no 
significant difference for both lightweight aggregate and normal weight concrete. This 
finding is supported by Bijen and van der Wegen (1994) who noted that in the case of 
atmospheric pressure the penetration must be due to diffusion and water absorption. In 
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the case of the simulated deep seawater, the hydrostatic pressure will be another 
contribution to the transport mechanism, but only a temporary one since not much 
difference in chloride penetration was observed.  
 
Therefore for this study as shown in Figure 4.6, when comparing trends for normal 
weight concrete at atmospheric pressure versus 30MPa pressure, pressure did not have 
any significant effect on chloride ingress. When comparing trends for lightweight 
aggregate concrete at atmospheric pressure versus 30MPa pressure, pressure did not have 
any significant effect on chloride ingress too. 
 











































4.2.9  Effect of mineral admixture silica fume 
It has been widely reported that silica fume helps densify the porous concrete matrix and 
thus make the concrete more resistant to harmful chloride and water ingress. However in 
this study, after observing the use of silica fume for both Series F and G (temperature and 
pressure), it was concluded that the mineral admixture silica fume at 10% replacement 
level to cement content, showed moderate effect in reducing water sorptivity and chloride 
ingress for both normal and lightweight aggregate concrete under temperatures of 1ºC, 
6ºC, 12 ºC, 30 ºC and 40 ºC as well as under pressure of 0.1MPa and 30MPa. This was in 
line with the research findings of Al-Khaja (1994) who reported that the use of 10% silica 
fume further improved resistance against chloride penetration as well as Ramachandran 
(1995) conclusion that the addition of silica fume contributes significantly to the 
improvement in the microstructure of the hydrated cement paste in the transition zone. 
With the incorporation of increasing amount of silica fume in concrete, the thickness of 
transition zone decreases and also accumulating water under aggregate particles in 
reduced. This results in reduced penetrability of concrete due to the reduction in the 
porosity of the transition zone and the refinement of the pore structure of the hydrating 
cement paste itself. 
 
4.2.10 Chloride profile results 
The chloride profile test was performed on selected mix conditions so as to understand 
more about the ingress of chloride into both lightweight aggregate and normal weight 
concrete. Figure 4.7 shows the 28-day chloride profile test at 30MPa and 30°C while 
Figure 4.8 shows the 84-day chloride profile test at 0.1 MPa and at 30°C. From Figure 
4.7, it was noticed that subjecting the specimens to a pressure of 30MPa, there was no 
chloride ion ingress observed at 40mm distance from the concrete surface. However as 
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shown in Figure 4.8, by subjecting the specimens to an atmospheric pressure of 0.1MPa 
after 84 days, there was no chloride ion ingress observed at 30mm distance from the 
concrete surface. This implies that with pressure, slightly more chloride ions diffused 
further into the concrete. As shown in both Figures 4.7 and 4.8, silica fume continued to 
show moderate effects in reducing chloride ingress for both types of concretes. 
 
 
Figure 4.7: 28-day chloride profile test at 30MPa and 30°C. 
 
 
Figure 4.8: 84-day chloride profile test at 0.1 MPa and at 30°C. 
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4.3 Recycled aggregate concrete: 
4.3.1  Water Sorptivity:  
Trends of water absorption coincide with that of chloride diffusion. However, results 
show that using a lower grade of concrete with higher replacement levels will increase 
the water absorption significantly, therefore it is not recommended.  With increased 
replacement levels, the porosity of the recycled aggregate concrete increases too. This is 
due to the increased percentage of old mortar which itself has pores, being included in the 
concrete. Therefore this resulted in an increased percentage volume of porous mortar in 
recycled aggregate concrete as compared to a lightweight aggregate concrete or normal 
weight concrete. Sorptivity is higher for RCA due to the mortar layer and this is shown 
from the higher water absorption. This is due to the higher permeability of the mortar 
layer adhered to the recycled aggregates as the replacement level increased.  
 
4.3.2   Chloride ingress: 
Results show that increasing concrete strength for higher grades G60 and G80 for 
replacement percentage of 20%, will decrease the chloride diffusion depth. This is 
because with increased cement content needed to create higher strength concrete, the 
concrete becomes more alkaline. As chloride ions are acidic, there is a chemical reaction 
in the concrete matrix (Ca(OH)2 + Cl → CaCl2 + H2O) which forms the calcium chloride 
salt that is not detected by the silver nitrate indicator. Hence as RCA has also more 
unhydrated cement mortar, its alkanity due to calcium hydroxide increases and thus more 
salt is formed and chloride diffusion is reduced. 
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Comparing the effect of increasing concrete strength for the same replacement 
percentage, it was noticed that as the strength increases, the chloride diffusion depth 
decreases. The higher the concrete grade, the higher the proportion of cement used. 
Therefore the cement paste quality and its porosity decreases, leading to a decrease in 
diffusion depth. When compared to the current maximum replacement level, the concrete 
grade 50 at 20% which gives the highest chloride diffusion depth of 10.4mm, increasing 
the replacement percentage for grade 50 will increase the chloride diffusion depth by the 
most of 7.6 %, as compared to 100% replacement. For lower concrete grades 30 and 40, 
when increasing the replacement percentages, results show that the chloride diffusion 
depth does not differ significantly as compared to grade 50, 20%. Therefore results show 
that using higher replacement percentage for a lower grade below 50 will not lead to 
detrimental chloride penetration. As compared to the current maximum replacement 
level, concrete grade 50 at 20% which gives the highest chloride penetration depth of 
10.4mm, grade 60 and grade 80 concretes have a lower penetration depth as strength 
increases. Results show that increasing concrete strength for the same percentage 
replacement of 20% will decrease the chloride penetration depth, making it possible to 
increase concrete strength at a percentage of 20%. By comparing the effect of increasing 
concrete strength for the same replacement percentage, the trend in the results as shown 
in Figure 4.5 and 4.6, show that as the strength increases, the chloride penetration depth 
decreases. The higher the concrete grade, the higher the proportion of cement used, 
therefore the denser the cement matrix, leading to a decrease in diffusion depth. Figures 
4.7 to 4.9 show that for Grade 30, 40 and 50 concretes, as the percentage replacement of 
RCA increases, the chloride diffusion depth also increases. 
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Figure 4.9: Chloride penetration depth (mm) versus time (days) for 0% replacement level. 
 
 




Figure 4.11: Chloride penetration depth (mm) vs RCA replacement (%) for G30 concrete. 
 
 





Figure 4.13: Chloride penetration depth (mm) vs RCA replacement (%) for G50 concrete. 
 
4.3.3.  Carbonation  
 
The carbonation testing is based on accelerated testing. From the data, the trend shows 
that as replacement levels increased, carbonation depth decreases. This is expected from 
the theory that the residual cement from crushed concrete within the recycled aggregate 
will act to protect to protect the concrete surface against carbonation mechanisms and 
that part of the CRCA, the mortar will likely increase the alkaline reserve further. 
Therefore, the residual layer of mortar plays a very role in determining the carbonation 
resistance of concrete incorporated with RCA. Carbonation depth was reduced when 
strength increased for the higher grade 60 and 80 concrete. This result is of use to the 
durability of high strength concrete structures. With increased cement content needed to 
create higher strength concrete, the concrete becomes more alkaline. As carbon dioxide is 
acidic, there is a chemical reaction in the concrete matrix : (Ca(OH)2 + CO2 → CaCO3 + 
H2O) which forms the inert calcium carbonate salt that is not detected by the 
phenolphthalein indicator. Hence as RCA has also more unhydrated cement mortar, its 
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alkanity due to calcium hydroxide increases and thus more salt is formed and carbonation 
is reduced. With higher strength concretes, they would have a higher cement content, 
which will lead to more hydration, decreasing the porosity present in the microstructure. 
With time, hydration would continue to take place and thus increased carbonation 
resistance.  
 
From the graph showing the results for G30 to G50, it is apparent that using a higher 
percentage of CRCA for  lower grades than the current maximum acceptable concrete 
grade 50, 20% will increase the carbonation penetration depth by 5.3-6.0% for day 90, 
which is not acceptable. Therefore using lower concrete grades with higher percentages 
than the current maximum is not recommended. Using lower grade concrete with higher 
replacement percentage of 50% and 100% will increase the carbonation penetration depth 
by 5.3-6.0%. It is recommended to adhere to the current maximum acceptable concrete 
grade 50, 20%. There is a resistance to carbonation for higher strength recycled aggregate 
























 Based on the mix proportions used in this study and the experimental findings 
presented in this research, the following conclusions can be drawn: 
 
5.1  For Lightweight aggregate concrete: 
1. The penetrability properties of LWAC are largely dependent on w/c ratio. Water 
sorption into concrete, chloride ingress by diffusion and water permeation through 
concrete increase with an increase in w/c ratio, and both Dc (chloride diffusion 
coffecient) and k (permeability coefficient ) increase by a magnitude of 
approximately an order when w/c ratio increase from 0.3 to 0.5. 
 
2. Sw (water sorptivity coefficient), Dc and k decrease with an increase in LWA 
density. The effect is more pronounced on sorption of water into concrete, than on 
ingress of chloride by diffusion or permeation of water through LWAC. 
 
3. The water permeability of LWAC used in this research project is of the same 
order as NWC when concrete is subjected to a pressure of 4 MPa. For capillary 
absorption of water, values of Sw are slightly higher for LWAC compared to 
NWC, but the difference is marginal to be considered significant. Hence 
resistance of high-strength LWAC against penetration of water is similar to that of 
high-strength NWC of the same mix proportions. 
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4. The effect of initial moisture content of LWA on the properties of LWAC is not 
obvious, but it may be observed that beyond some initial moisture content of 
LWA, the properties of LWAC with regards to strength and resistance to 
penetration by water and Cl
-
 decrease with further increase in initial moisture 
content of LWA. This indicates that compensating with water in the mix 
proportion works. 
 
5.  The penetrability properties of LWAC improved considerably with a decrease in 
LWA size. The effects are greater for high-strength LWAC than for low-to-
medium strength LWAC. 
 
6. The effect of varying LWA volume on the sorption of water into LWAC was 
significant. An increase in the LWA from 30% to 50% by volume resulted in an 
increase in the value Sw by a factor of about 1.8. This implies that lightweight 
aggregate has a high capacity for water absorption into unsaturated LWAC. 
 
7. Chloride ingress decreased with an increase in LWA volume. This can be due to 
the dense outer layer of the lightweight aggregate which inhibit the passage of 
free chloride ions into LWA particles, and also the dense interfacial zone between 
LWA particles and the mortar matrix as well as the change in w/c ratio of the 
concrete mix, resulting in a denser mortar. For submerged marine structures when 
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chloride ingress is prevalent, it is recommended that a high LWA volume be used 
to decrease the diffusion of free chloride ions into LWAC. 
 
8. The increase in temperature increases chloride penetration depth and diffusion. 
The effect of temperature is more significant at higher temperatures (> 30°C) as 
compared to lower temperatures (<20°C) for chloride ingress into concrete. 
 
 
9. The mineral admixture silica fume at 10% replacement level to cement content, 
showed moderate effect in reducing water sorptivity and chloride ingress under 
temperatures of 1ºC, 6ºC, 12 ºC, 30 ºC and 40 ºC as well as under pressure of 
0.1MPa and 30MPa. 
 
10. For this study when comparing trends for normal weight concrete at atmospheric 
pressure versus 30MPa pressure, pressure did not have any significant effect on 
chloride ingress. When comparing trends for lightweight aggregate concrete at 
atmospheric pressure versus 30MPa pressure, pressure did not have any 
significant effect on chloride ingress too. 
 
5.2  Recycled aggregate concrete: 
 
11. Trends of water absorption coincide with that of chloride diffusion. However, 
results show that using a lower grade of concrete with a higher replacement levels 
will increase the water absorption significantly. 
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12. Results show that increasing concrete strength i.e higher grades G60 and G80 for 




13. Using lower grade concrete with higher replacement percentage of 50% and 
100% will increase the carbonation penetration depth by 5.3-6.0%.  
 
14. There is a resistance to carbonation for higher strength recycled aggregate 
concrete. Carbonation depth was reduced for the higher grades of concrete i.e: 
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